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ABSTRACT 
METHODOLOGIES FOR FLOW PREDICTION I N  URBAN STORM DRAINAGE SYSTEMS 
Inc reas ing  p u b l i c  concern on urban s torm water  q u a n t i t y  and q u a l i t y  problems 
demands a thorough review of t he  methodologies f o r  flow p r e d i c t i o n  and design 
of urban s torm dra inage  systems and development of improved methodologies.  
I n  t h i s  s t udy  t h e  urban s torm dra inage  system is considered a s  an i n t e g r a t e d  
s y s  tem o f  components of urban s u r f  ace ,  g u t t e r s ,  i n l e t s ,  sewer branches ,  
j unc t ions ,  manholes, and o t h e r  s t r u c t u r e s .  The flow equat ions  t h a t  can b e  
used t o  s o l v e  s torm dra inage  problems a r e  c r i t i c a l l y  reviewed and the  mathe- 
m a t i c a l  methods f o r  s o l v i n g  the S t .  Venant equat ions a r e  compared. A method 
t o  rou t ing  t h e  unsteady flow due t o  r a i n f a l l  and o t h e r  i n p u t s  through land . 
s u r f a c e  and g u t t e r  t o  produce the  i n l e t  hydrograph i s  proposed. The r e s u l t s  
have been p re sen t ed  i n  nondimensional form f o r  gene ra l  uses.  A mathematical 
s imu la t i on  model f o r  t ree- type  sewer networks i s  developed by us ing  t h e  
S t .  Venant equa t ions  t o  r o u t e  t h e  i n l e t  hydrographs through t h e  network. 
An overlapping segment scheme i s  used t o  account f o r  t h e  backwater e f f e c t s  
and mutual i n f luences  of t he  unsteady f low i n  t he  sewers.  The r e s u l t s  show 
c l e a r l y  the  importance of de t en t ion  s t o r a g e  i n  t h e  dra inage  system and t h e  
p o s s i b i l i t y  of de t en t ion  s t o r a g e  manipulat ion f o r  f l ood  peak a t t e n u a t i o n .  
I n  add i t i on  t o  flow p r e d i c t i o n  purposes,  t he  developed model can a l s o  be  
used f o r  des ign  of sewer systems. Furthermore, new approaches based on r i s k  
cons ide ra t i on  a r e  proposed f o r  de te rmina t ion  of design r a i n f a l l  and f o r  
design of sewers and o t h e r  hyd rau l i c  s t r u c t u r e s .  
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NOTATION 
A = a r e a  of channel cross  s e c t i o n  (Fig. 1 )  ; 
B = width of g u t t e r  (Fig. 9 ) ;  
b  = f r e e  s u r f a c e  width of channel cross  sec t ion ;  
Cf = constant  i n  Eq. 18;  
D = hydrau l i c  depth = A/b; a l s o ,  diameter;  
Ef = work done due t o  f l u c t u a t i n g  nonhomogeneous f l u i d  as  defined i n  Eq. 4; 
E = work done due t o  f l u c t u a t i n g  nonhomogeneous f l u i d  a s  defined i n  Eq. 5; 
u  
F = funct ion;  
IF = Froude number; 
f  = Weisbach r e s i s t a n c e  c o e f f i c i e n t  ghen i n  Moody diagram; 
2 f  = 8gRSe/V1, energy d i s s i p a t i o n  c o e f f i c i e n t ;  
e  
f f  = 8 g ~ ~ f / ~ 2 ,  f r i c t i o n a l  r e s i s t ance  c o e f f i c i e n t ;  
f H  = 8gRs /v2 t o t a l  head los s  c o e f f i c i e n t  ; H 1' 
g  = g r a v i t a t i o n a l  acce le ra t ion ;  
H = approximate t o t a l  head as  defined i n  Eq. 10;  
H~ = cross s e c t i o n a l  t o t a l  head of flow measured from h o r i z o n t a l  re ference  
datum i n  terms of ya (Eq. 7)  ; 
H = re ference  t o t a l  head as  defined i n  Table 4; 
C 
H = piezometr ic  head, wi th  r e spec t  to  h o r i z o n t a l  re ference  datum, of l a t e r a l  
flow when jo in ing  o r  leaving channel flow (Eq. 8)  ; 
H; = l o c a l  f l u c t u a t i o n  o r  turbulence v e l o c i t y  head of l a t e r a l  flow when jo in ing  
or  leaving  channel flow (Eq. 9 )  ; 
Hp = cross s e c t i o n a l  average piezometr ic  head; 
H' = v e l o c i t y  head due t o  f l u c t u a t i n g  nonhomogeneous f l u i d  a s  defined i n  Table 4; 
v  
h  = depth of flow, measured along y  d i r e c t i o n ;  
i = r a i n f a l l  i n t e n s i t y ,  a l s o ,  coordinate  d i r e c t i o n ;  
j = index; a l s o ,  coordinate  d i r e c t i o n ;  
K = piezometr ic  p re s su re  co r r ec t ion  f a c t o r  a s  def ined i n  Table 3; 
K '  = ambient- piezometr ic  p re s su re  co r r ec t ion  f a c t o r  as  def ined i n  Table 3; 
k  = su r f ace  roughness ; 
k = s u r f a c e  roughness of pavement; 
P  
L = l ength  of g u t t e r ;  
g  
N = d i r e c t i o n a l  normal of a  su r f ace ,  p o s i t i v e  outward; a l s o ,  a  number; 
n  = ~ a n n i n g ' s  roughness f a c t o r ;  a l s o ,  a  number; 
P = p + pgy cose, l o c a l  p iezometr ic  p re s su re  wi th  r e spec t  t o  channel bottom; 
a l s o ,  wet ted perimeter ;  a l s o ,  p r o b a b i l i t y ;  
p  = l o c a l  p re s su re  i n t e n s i t y ;  
Q = discharge ;  
Qb = base  flow r a t e ;  a l s o ,  re ference  design d ischarge ;  
Q = discharge  a t  g u t t e r  e x i t ;  
0 
Q = peak d ischarge ;  
P  
B u  
= peak inflow r a t e  a t  upstream of g u t t e r ;  
q = time r a t e  of l a t e r a l  flow pe r  u n i t  l ength  of a ;  
R = hydrau l i c  r ad ius ;  
IR = VIR/v, Reynolds number; 
r = normal displacement of a  with r e s p e c t  t o  space o r  time p ro j ec t ed  on a 
plane  p a r a l l e l  t o  A, p o s i t i v e  outward; 
S  = s to rage ;  
Se = d i s s i p a t e d  energy g rad ien t  (Eq. 6 ) ;  
Sf = f r i c t i o n  s l o p e  a s  def ined i n  Table 3; 
SH = -aH/ax, t o t a l  head g rad ien t ;  
s = -  az /ax = s i n e ,  channel bottom s lope ;  
0 b  
T  = fo rce  due t o  i n t e r n a l  s t r e s s e s  7 ac t ing  on A as  def ined  i n  Table 3; 
a l s o ,  r e t u r n  period;  il 
t = time; 
ti = dura t ion ;  
v i i i  
t = dura t ion  of g u t t e r  upstream inf low hydrograph; 
u  
U = v e l o c i t y  of l a t e r a l  flow when j o i n i n g  channel flow; 
u  = l o c a l  v e l o c i t y  component along x  -d i r ec t i on ;  i i 
u' = t u r b u l e n t  f l u c t u a t i o n  of t h e  i - t h  component of l o c a l  v e l o c i t y  w i th  i 
r e s p e c t  t o  L i ' 
V = v e l o c i t y ;  
Vi = i - t h  component of channel f l m  v e l o c i t y  averaged over c r o s s  s e c t i o n ;  a l s o ,  
c ro s s  s e c t i o n a l  averaged v e l o c i t y  f o r  i - t h  sewer; 
W = a  symbol r e f e r r e d  t o  conserva t ive  work done by i n t e r n a l  and s u r f a c e  
s t r e s s e s  a s  def ined  i n  Table 4; 
W = l eng th  of  pavement a long t r ansve r se  d i r e c t i o n  of s t r e e t ;  
P  
w  = s a f e t y  judgement f a c t o r ;  
x  = x  l o n g i t u d i n a l  coord ina te  a long channel bottom d i r e c t i o n ;  1' 
x  = coord ina te  along i - t h  d i r e c t i o n ;  i 
y  = coord ina te  perpendicu la r  t o  x  on v e r t i c a l  p lane ,  measured from channel 
bottom; a l s o  depth of flow i n  sewers o r  j unc t ions ;  
'm 
= maximum flow depth;  
Z = he igh t  of drop a t  junc t ion ;  
zb = e l e v a t i o n  of channel bottom wi th  r e s p e c t  t o  h o r i z o n t a l  r e f e r ence  datum; 
ci = convect ive k i n e t i c  energy f l u x  c o r r e c t i o n  f a c t o r  a s  def ined i n  Table 4;  
a l s o ,  r i s k ;  
B = momentum f l u x  co r r ec t i on  f a c t o r  a s  def ined i n  Table 3; 
B '  = t u rbu len t  momentum f l u x  c o r r e c t i o n  f a c t o r  a s  def ined i n  Table 3; 
y  = s p e c i f i c  weight of f l u i d ;  
'a 
= p g,  c ross  s e c t i o n a l  average s p e c i f i c  weight ;  
a  
E = e r r o r  i n  f lood  volume conservat ion;  
5 = unsteady p re s su re  c o r r e c t i o n  f a c t o r  (Eq.  3 ) ;  
n = convect ive p o t e n t i a l  energy f l u x  c o r r e c t i o n  f a c t o r  a s  def ined i n  Table  4;  
0 = angle  between channel bottom and h o r i z o n t a l  p lane ;  
ologl f o  
I 
drail 
deve  , p i  
I 
t h e  I 
and : 1 t 
f  acil  
f e c t  ~ i r  
I 
t ima ( 
(196' . 
A = dens i ty  co r r ec t ion  f a c t o r  a s  def ined i n  Table 2; 
A '  = f l u c t u a t i n g  dens i ty  co r r ec t ion  f a c t o r  a s  def ined  i n  Table 2; 
p = dynamic v i s c o s i t y  of f l u i d ;  
v = kinematic v i s c o s i t y  of f l u i d ;  
P = mass dens i ty  of f l u i d ;  
p a  = cross-sec t iona l  average mass dens i ty ;  
u = per imeter  bounding cross  s e c t i o n a l  a r ea  A; a l s o ,  s tandard  devi 
- 
T = temporal mean s t r e s s e s ,  a s  def ined i n  Table 4 f o r  incomvressib 
"j shea r  s t r e s s e s  f o r  i # j ,  normal s t r e s s e s  f o r  i = j; 
$ = t r ansve r se  angle of t h e  g u t t e r  made wi th  h o r i z o n t a l  p lane ;  anc 
$p = angle between pavement and h o r i z o n t a l  plane.  
unsa] - F  
I 
l a c k  ~f  
A = dens i ty  co r r ec t ion  f a c t o r  a s  def ined i n  Table 2; 
A '  = f l u c t u a t i n g  dens i ty  co r r ec t ion  f a c t o r  a s  def ined  i n  Table 2; 
LI = dynamic v i s c o s i t y  of f l u i d ;  
v = kinematic  v i s c o s i t y  of f l u i d ;  
p = mass dens i ty  of f l u i d ;  
'a 
= cross-sec t iona l  average mass d e n s i t y ;  
o = per imeter  bounding cross  s e c t i o n a l  a r e a  A; a l s o ,  s tandard  dev ia t ion ;  
- 
-r = temporal mean s t r e s s e s ,  a s  def ined i n  Table 4 f o r  incompressible  f l u i d ,  
shea r  s t r e s s e s  f o r  i j ,  normal s t r e s s e s  f o r  i = j ;  
4 = t r ansve r se  angle  of t h e  g u t t e r  made wi th  h o r i z o n t a l  p lane ;  and 
)P 
= angle between pavement and h o r i z o n t a l  plane.  
I. INTRODUCTION 
The main o b j e c t i v e  of t h i s  r e s e a r c h  is  t o  develop an  improved method- 
ology f o r  q u a n t i t a t i v e  p r e d i c t i o n  of s to rm r u n o f f  a t  v a r i o u s  l o c a t i o n s  i n  urban 
d r a i n a g e  systems.  A u x i l i a r y  o b j e c t i v e s  a r e  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  of 
developing t echn iques  f o r  optimum d e s i g n  of s to rm sewer systems and t o  r e v e a l  
t h e  inadequacy of e x i s t i n g  sewer d e s i g n  methodologies .  
M e t r o p o l i t a n  a r e a s ,  i n  I l l i n o i s  a s  w e l l  a s  e l sewhere  i n  t h e  Na t ion  
and i n  t h e  wor ld ,  a r e  growing a t  an unprecedented r a t e .  Among t h e  v i t a l  
f a c i l i t i e s  r e l a t e d  t o  t h e  urban l i v i n g  environment,  s to rm d r a i n a g e  systems a f -  
f e c t  d i r e c t l y  t h e  q u a n t i t y  a s  w e l l  a s  q u a l i t y  of d i sposed  urban w a t e r .  Large 
amount of money and r e s o u r c e s  a r e  invo lved  i n  t h e  d e s i g n ,  c o n s t r u c t i o n ,  mod- 
i f i c a t i o n ,  o p e r a t i o n  and maintenance of urban s torm sewer sys tems.  Cost  o f  
work on s t o r m  d r a i n a g e  systems and s to rm w a t e r  damage i n  urban a r e a s  is es-  
t i m a t e d  t o  b e  of t h e  o r d e r  of $100 m i l l i o n  a n n u a l l y  i n  t h e  S t a t e  of I l l i n o i s  
(1967).  The American P u b l i c  Works A s s o c i a t i o n  (1966) e s t i m a t e d  t h a t  t h e  ex- 
p e n d i t u r e s  b e f o r e  t h e  y e a r  2000 f o r  s to rm d r a i n a g e  f a c i l i t i e s  t o  s e r v e  t h e  
growing p o p u l a t i o n  of t h e  Na t ion  w i l l  exceed 25 b i l l i o n  d o l l a r s  (1966 v a l u e ) .  
It was recorded  i n  an American S o c i e t y  of C i v i l  Engineers  Urban Water Re- 
s o u r c e s  Research Program (1969) r e p o r t  t h a t  t h e  e s t i m a t e d  average  p u b l i c  con- 
s t r u c t i o n  c o s t  f o r  s torm sewers  i s  2.5 b i l l i o n  d o l l a r s  a n n u a l l y  f o r  t h e  n e x t  
s e v e r a l  y e a r s .  Rawls and Knapp (1972) e s t i m a t e d  t h a t  20 b i l l i o n  d o l l a r s  w i l l  
b e  s p e n t  on urban d r a i n a g e  f a c i l i t i e s  i n  t h e  nex t  decade.  Ye t ,  d e s p i t e  t h e  
expenses  and e f f o r t s  invo lved ,  urban s torm d r a i n a g e  p r o j e c t s  are o f t e n  found 
u n s a t i s f a c t o r y ,  due p a r t l y  t o  t h e  i n s u f f i c i e n t  knowledge on s torm runoff  and 
l a c k  of r e l i a b l e  f low p r e d i c t i o n  and d e s i g n  methodologies .  
Urban s t o r m  d r a i n a g e  systems c o n s i s t  of urban s u r f a c e  a r e a s ,  g u t t e r s  
and i n l e t  d e v i c e s ,  sewer c o n d u i t s ,  j u n c t i o n s ,  manholes,  and o t h e r  c o n t r o l  and 
r e g u l a t i o n  f a c i l i t i e s .  T r a d i t i o n a l l y ,  i n  t h e  d e s i q n  of a  s to rm d r a i n a g e  system 
each of i t s  components i s  cons idered  i n d i v i d u a l l y  by assuming t h e  f low t o  b e  
s t e a d y  and uniform w i t h o u t  due c o n s i d e r a t i o n  t o  t h e  backwater and d e t e n t i o n  
s t o r a g e  e f f e c t s .  I n  o t h e r  words,  i t  i s  assumed t h a t  t h e  f lows i n  t h e  sys tem 
can b e  combined l i n e a r l y  w i t h o u t  c o n s i d e r i n g  t h e  mutual  e f f e c t s  on t h e  f low 
c h a r a c t e r i s t i c s  i n  t h e  v a r i o u s  components of t h e  d r a i n a g e  system.  T y p i c a l  ex- 
amnles of such d e s i g n  t echn iques  can  b e  found i n  t h e  wide ly  adopted manuals 
such as t h o s e  by ASCE (1.969) and Wright-llcLaughlin Engineers  (1969) f o r  t h e  
m e t r o p o l i t a n  a r e a  of Denver, Colorado. 
However, n a t u r a l  r a i n s t o r m s  a r e  of f i n i t e  and u s u a l l y  s h o r t  dura- 
t i o n s  w i t h  r a i n f a l l  i n t e n s i t y  v a r y i n g  b o t h  s p a t i a l l y  and t empora l ly .  Conse- 
q u e n t l y ,  t h e  f low i n  s to rm d r a i n a g e  systems i s  uns teady .  Time is  needed t o  
t r ans form t h e  r a i n f a l l  t o  runoff  from s u r f a c e  through g u t t e r s ,  i n l e t s ,  sewers ,  
j u n c t i o n s  and manholes t o  t h e  p o i n t s  of d i s p o s a l ,  such a s  i n t o  c h a n n e l s ,  r i v e r s ,  
r e s e r v o i r s ,  l a k e s  and t r e a t m e n t  p l a n t s .  During t h i s  t r a n s f o r m a t i o n  p rocess  a 
. c e r t a i n  amount of wa te r  i s  i n e v i t a b l y  s t o r e d  a t  v a r i o u s  p a r t s  of t h e  d r a i n a g e  
system t o  b e  r e l e a s e d  a t  a  l a t e r  t ime.  The d e t e n t i o n  s t o r a g e  and t h e  backwater  
e f f e c t s  modify s i g n i f i c a n t l y  t h e  p r o p a g a t i o n  of t h e  s torm r u n o f f  i n  t h e  d r a i n -  
age system. Thus, t h e  conven t iona l  d e s i g n  method of us ing  e s t i m a t e d  s t e a d y  
c o n d i t i o n  peak d i s c h a r g e  as t h e  d e s i g n  f low u s u a l l y  g i v e s  a n  unbalanced and 
uneconomic r e s u l t s ,  and under c e r t a i n  unfavorab le  c o n d i t i o n s  i t  may b e  c o s t l y  
and u n s a f e ,  such a s  t h e  c a s e s  of s imul taneous  meeting of a t t e n u a t e d  peak d i s -  
charges  which a r e  g r e a t e r  t h a n  t h e  o f f s e t t e d  u n a t t e n u a t e d  f lows .  
L a t e l y ,  a t t e n t i o n  h a s  a l s o  been focused on t h e  t o t a l  amount of s to rm 
r u n o f f s  and t h e i r  t ime d i s t r i b u t i o n s  because  of t h e  p u b l i c  concern on w a t e r  
p o l l u t i o n  problems and p r e s e r v a t i o n  and p o s s i b l e  improvement of t h e  l i v i n g  
environment. T r a d i t i o n a l  flow p r e d i c t i o n  methods provide only t h e  peak d i s -  
charge b u t  n o t  t he  runoff hydrographs. Recently t h e  importance of e f f e c t s  of 
uns teadiness  of t h e  flow and t h e  de t en t ion  s t o r a g e  i n  t h e  dra inage  system has  
been recognized,  and at tempts  have been made t o  apply t h e  one-dimensional 
equat ions  of momentum and c o n t i n u i t y ,  l . e . ,  t h e  S t .  Venant equat ions  o r  t h e i r  
va r ious  s i m p l i f i e d  forms, t o  t h e  components of storm drainage systems f o r  
p r e d i c t i o n  of flow (e .g . ,  Ackers and Harr i son ,  1964; Schaake, 1965; ASCE 
Urban Water Resources Program, 1968; H a r r i s ,  1970a, 1970b; Yevjevich and Barnes, 
1970). 
Even with t h e  r ecen t  development i n  computer c a p a b i l i t i e s  and nu- 
mer ica l  techniques,  a t  p resent  i t  is impossible  t o  develop a  s i n g l e  h ighly  ac- 
c u r a t e  comprehensive s imula t ion  model f o r  both flow p r e d i c t i o n  and design pur- 
poses f o r  t h e  e n t i r e  drainage system because of t h e  l i m i t a t i o n  of t h e  s i z e  of 
t h e  e x i s t i n g  computers. For tuna te ly ,  h y d r a u l i c a l l y  t h e  c h a r a c t e r i s t i c s  of 
c e r t a i n  components i n  drainage systems, such a s  i n l e t  ca tch  bas ins ,  provide 
flow con t ro l s  t h a t  enable  t h e  decomposition of t h e  e n t i r e  system i n t o  in-  
d i v i d u a l l y  manageable but  r e l a t e d  subsystems. 
The s i z e  and geometry of i n l e t  ca t ch  bas ins  depend mainly on l o c a l  
condi t ions  and the re fo re  t h e r e  is no s tandard  s p e c i f i c a t i o n  f o r  them. Yet ,  
t h e i r  he igh t  i s  a  c o n t r o l  f a c t o r  i n  determining t h e  de t en t ion  s to rage  i n  t h e  
i n l e t  ca t ch  bas in  and t h e  time l ag  of t h e  g u t t e r  flow i n t o  t h e  sewers.  The 
flow en te r ing  an i n l e t  catch b a s i n  does no t  depend on t h e  depth of water  i n  t h e  
bas in  nor  on t h e  discharge i n t o  t h e  sewer unless  t h e  bas in  is completely f i l l e d  
and submerged which r a r e l y  occurs.  Therefore,  i t  is  d e s i r a b l e  i n  t h i s  research  
t o  d i v i d e  t h e  urban storm drainage system i n t o  two major components; namely, 
( a )  t h e  su r f ace  storm runoff system considering t h e  t ransformat ion  of r a i n f a l l  
t o  t h e  i n l e t  ca tch  bas in  inf low hydrographs; and (b) t h e  storm sewer network 
system downstream from t h e  i n l e t  c a t ch  b a s i n s .  The two components a r e  r e l a t e d  
by t h e  f a c t  t h a t  t h e  in f low hydrographs i n t o  t h e  sewer network system a r e  ob- 
t a i n e d  from t h e  i n l e t  c a t ch  b a s i n  i n f l ow  hydrographs a d j u s t e d  by t h e  s t o r a g e  
and t ime of  f a l l  i n  t h e  ca t ch  b a s i n s .  Fur thermore,  i n  sewer networks ,  f a -  
c i l i t i e s  such  a s  d rops ,  c h u t e s ,  and pumps o f t e n  behave h y d r a u l i c a l l y  a s  flow 
c c n t r o l  s e c t i o n s .  Thus, they  prov ide  a  means t o  d i v i d e  t h e  sewer network i n t o  
i n d i v i d u a l  s e q u e n t i a l  subsystems f o r  h y d r a u l i c  a n a l y s i s .  Th is  d i v i s i o n  of a  
s torm d ra inage  system by us ing  h y d r a u l i c  c o n t r o l  s e c t i o n s  i n t o  i n d i v i d u a l  se-  
q u e n t i a l  components i n  t h i s  r e s e a r c h  cons ide r ab ly  s i m p l i f i e s  t h e  a n a l y s i s  with- 
ou t  s a c r i f i c i n g  t h e  accuracy and u se fu lne s s  of t h e  r e s u l t s .  It a l s o  makes 
p o s s i b l e  f o r  t h e  problem t o  be  handled numer ica l ly  w i t h i n  t h e  c a p a b i l i t y  of t h e  
e x i s t i n g  l a r g e  computers w i t h  cons ide r ab l e  s av ings  i n  computation t ime.  
This  r e p o r t  i s  a  summary of t h e  r e s e a r c h  r e s u l t s  ob ta ined  from t h e  
OTJRR p r o j e c t ,  B-043-ILL, "Methodologies f o r  Flow P r e d i c t i o n  i n  Urban Storm Drain- 
age Systems." Most of t h e  r e s ea r ch  f i n d i n g s  from t h i s  p r o j e c t  have been pub- 
l i s h e d  p r ev ious ly  i n  papers  and t h e s e s  and t h i s  r e p o r t  f u r n i s h e s  t o  p rov ide  an 
i n t e g r a t e d  o v e r a l l  view of t h e  r e s e a r c h  t o g e t h e r  w i th  some a d d i t i o n a l  new in-  
fo rmat ion .  A b r i e f  review of e x i s t i n g  urban s torm runoff  models is  f i r s t  pre- 
s en t ed .  Next,  t h e  flow equa t i ons  used i n  s o l v i n g  urban s to rm dra inage  problems 
a r e  c r i t i c a l l y  examined and t h e  mathemat ical  methods t o  s o l v e  t h e  s i m p l i f i e d  
forms of t h e s e  equa t i ons  a r e  compared. S imula t ion  models f o r  storm r u n o f f s  i n  
t h e  s u r f a c e  f low system upstream from t h e  i n l e t  c a t ch  b a s i n s  and t h e  sewer ne t -  
work system downstream from t h e  ca t ch  b a s i n s  a r e  t hen  p r e sen t ed .  F i n a l l y ,  t h e  
de t e rmina t i on  of des ign  r a i n f a l l  and a  new approach of sewer de s ign  based on 
r i s k  a n a l y s i s  i s  r epo r t ed .  It i s  be l i eved  t h a t  t h e  r e s e a r c h  r e s u l t s  can b e  ap- 
p l i e d  s e p a r a t e l y  o r  i n t e g r a t e d l y  f o r  t h e  purposes  of f low p r e d i c t i o n ,  d r a inage  
system des ign ,  improvement of e x i s t i n g  dra inage  sys tems ,  and i d e n t i f i c a t i o n  of 
t h e  e f f e c t s  of u rban i za t i on  and l o c a l  s t o r a g e s .  
11. EXISTING URBAN STORM RUNOFF MODELS 
Numerous ra infa l l - runoff  mathematical s imula t ion  "models" have been 
proposed by previous i n v e s t i g a t o r s .  Many of these  models a r e  app l i cab le  t o  
urban environment. I t  would be ted ious  t o  l ist  a l l  these  models i n  t h i s  re -  
p o r t .  For tunate ly ,  many of them a r e  only modif ica t ions  o r  s l i g h t  v a r i a t i o n s  
of t h e  b e t t e r  known models which f o r  d iscuss ion  purpose, can be c l a s s i f i e d  
he re  i n t o  t h r e e  ca t egor i e s ;  namely, t he  overland component models, t h e  sewer 
component models, and the  in t eg ra t ed  system models. Severa l  e a r l y  methods i n  
each of t h e  t h r e e  ca t egor i e s  have been widely accepted and used i n  the  design. 
and opera t ion  of urban drainage systems. However, many more r a t i o n a l  and 
soph i s t i ca t ed  models have been developed and proposed only r ecen t ly .  They 
need t o  be  t e s t e d ,  and i f  proven worthwhile,  introduced t o  engineers  f o r  
p r a c t i c a l  app l i ca t ions .  
An exce l l en t  review of some of t h e  models mentioned i n  t h i s  chapter  
can be found i n  a  r epor t  by Linsley (1971). It should be noted he re in  t h a t  a  
number of t he  stream network rout ing  models such a s  t h e  USDA Hydrograph Lab- 
o ra to ry  Model (Onstad and Jamison, 1960), t h e  stream flow s imula t ion  and 
r e s e r v o i r  r egu la t ion  model (Rockwood, 1958, 1968), and t h e  Sugawana model 
(1961) do no t  seem t o  be  app l i cab le  t o  urban s e t t i n g s .  
11-1. Overland 'Runoff Models 
There a r e  two d i f f e r e n t  approaches t o  es t imate  overland runoff due  
t o  r a i n f a l l .  The b lack  box (lumped system) approach produces output froni a  
given input  without  considering what is happening wi th in  the  overland su r face .  
The hydraul ic  rout ing  ( d i s t r i b u t e d  system) approach routes  t h e  r a i n f a l l  excess 
through t h e  overland su r face  t o  produce t h e  runoff hydrograph. 
The models using the  b lack  box approach can again be subdivided i n t o  
fou r  groups; namely, t he  r a i n f a l l - i n t e n s i t y  c o e f f i c i e n t  formulas,  t h e  frequency 
fo rmulas ,  t h e  monograph methods, and f i n a l l y ,  t h e  hydrograph methods. The 
f i r s t  t h r e e  groups g i v e  on ly  t h e  magnitude of t h e  peak r a t e  of s torm r u n o f f ,  
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, and cannot  p rov ide  any in format ion  concerning t h e  t ime of occur rence  of 
QP nor  t h e  runof f  r a t e  a t  any o t h e r  t ime.  The l a s t  group,  t h e  hydrograph 
methods, g i v e s  in format ion  on t h e  t i m e  d i s t r i b u t i o n  of runof f  and hence i s  
more u s e f u l  i n  s o l v i n g  urban dra inage  problems. 
Among t h e  r a i n f a l l - i n t e n s i t y  c o e f f i c i e n t  formulas  t h e  r a t i o n a l  
formula  is  undoubtedly t h e  most famous, popula r ,  endur ing ,  and perhaps  t h e  
o l d e s t  (Chow, 1964).  Others  i n  t h e  group a p p l i c a b l e  t o  o r  s t r i c t l y  f o r  urban 
s e t t i n g s  i n c l u d e  t h e  Adams, Burk l i -Z ieg le r ,  Cramer, Gregory,  Gregory-Arnold, 
Gregory-Hering, Grunsky, Hawksley, McMath, and Parmely formulas  summarized i n  
Group 5 of Appendix 1 i n  a  r e p o r t  by Chow (1962). A l l  of  t h e s e  formulas  were 
de r i ved  on t h e  b a s i s  of r e g i o n a l  observed d a t a  and have l i m i t a t i o n s  on b a s i n  
s i z e ,  r e g i o n ,  and o t h e r  geographica l  cond i t i ons  of a p p l i c a t i o n .  They a r e  a l l  
d imens iona l ly  nonhomogeneous which w i l l  impose a minor problem i n  view of t h e  
p o s s i b i l i t y  of t h e  United S t a t e s  t o  change t h e  u n i t s  from t h e  Eng l i sh  system . 
t o  t h e  S I  system. Desp i te  t h e i r  s i m p l i c i t y ,  a l l  bu t  two of t h e s e  formulas  
have faded away w i th  h i s t o r y  because of  t h e i r  l i m i t a t i o n s .  The two surv ived  
a r e  t h e  r a t i o n a l  and t h e  Burk l i -Z ieg le r  formulas  which have been app l i ed  t o  
d i f f e r e n t  geographic  r eg ions  w i t h  t h e  c o e f f i c i e n t s  eva lua t ed  over  a  wide range 
of cond i t i ons .  Both formulas  can prov ide  r e l i a b l e  e s t i m a t e  of peak runoff  i f  
t h e  c o e f f i c i e n t s  a r e  c o r r e c t l y  chosen. Because of i t s  s i m p l i c i t y ,  t h e  ra-  
t i o n a l  formula i s  s t i l l  used a s  a  s t anda rd  method i n  urban d r a inage  des ign  
(ASCE, 1969; Wright-llcLaughlin Engrs . ,  1969) ,  d e s p i t e  t h e  f a c t  t h a t  i t s  draw- 
backs a r e  w e l l  known (Chow, 1964; Schaake e t  a l ,  1967; McPherson, 1969).  A 
v a r i a t i o n  of t h e  r a i n f a l l - i n t e n s i t y  c o e f f i c i e n t  formulas  is  t h e  drainage-area  
c o e f f i c i e n t  formulas  which became popular  a t  t h e  t u r n  of t h e  cen tury .  These 
formulas were developed f o r  r u r a l  a r e a s ,  s u b j e c t  t o  r e s t r i c t e d  r eg iona l  and 
s i z e  l i m i t a t i o n s ,  and a r e  not  app l i cab le  t o  urban s e t t i n g s .  
The frequency formulas o r  graphs based on p a s t  f lood  records  have 
been proposed by many, inc luding  t h e  USGS, f o r  small  a s  we l l  a s  l a r g e  water- 
sheds. However, t h i s  method has y e t  t o  be  succes s fu l ly  adapted t o  urban 
environment. F i r s t ,  t h e r e  a r e  u sua l ly  l ack  of d a t a  f o r  small  urban a reas  t o  
perform a flow frequency a n a l y s i s .  Secondly, such a frequency a n a l y s i s  re -  
q u i r e s  t h e  phys ica l  c h a r a c t e r i s t i c s  of t h e  drainage a rea  being s t a t i o n a r y ,  
i . e . ,  n o t  changing wi th  t ime, which r a r e l y  happens i n  urban s e t t i n g s .  
The monograph methods inc lude  t h e  U.S. S o i l  Conservation Serv ice  
(1971),  RPR ( P o t t e r ,  1961),  Ca l i fo rn i a  (1953), Chow (1962), and Cook (Ham- 
i l t o n  and Jepson, 1940) methods. A l l  of t hese  methods were developed ~ r i m a r i l y  
f o r  and have been widely used i n  r u r a l  a r e a s ,  although some may be modified f o r  
urban a r e a s .  Because t h e  monographs of t hese  methods f o r  urban a r e a s  have 
no t  been developed, they a r e  seldom used i n  urban s e t t i n g s .  
The hydrograph methods, which g ive  not  only t h e  va lues  of Q bu t  
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a l s o  t h e  e n t i r e  runoff hydrograph, a r e  understandably more s o p h i s t i c a t e d  than 
t h e  previous ly  discussed methods and r e q u i r e  more da t a .  The b a s i c  concept 
behind t h i s  approach i s  t o  e s t a b l i s h  a r e f e rence  hydrograph o r  hydrographs f o r  
a given dra inage  b a s i n  which can be used repea ted ly  f o r  d i f f e r e n t  r a i n f a l l  
condi t ions .  Typica l  of t h i s  re ference  hydrograph is t h e  u n i t  hydrograph. Con- 
sequent ly  t h i s  approach i s  s u b j e c t  t o  a s i m i l a r  r e s t r i c t i o n  imposed on t h e  
frequency formulas; t h a t  i s ,  r equ i r ing  no apprec iab le  changes i n  t h e  phys ica l  
n a t u r e  of t h e  dra inage  a r e a  t h a t  might a l t e r  t h e  r e f e rence  hydrograph. Ex- 
amples of t h i s  approach proposed f o r  urban runoff determinat ion a r e  t h e  methods 
by Espey, Morgan, and Masch (1965) and by Rao, De l l eu r ,  and Sarma (1972). 
None of t hese  methods has  been s u f f i c i e n t l y  t e s t e d  f o r  urban dra inage  a r e a s ,  
nor  have t hey  been accep ted  i n  eng ineer ing  des ign  o r  f o r  o p e r a t i o n a l  purposes .  
The h y d r a u l i c  r o u t i n g  ( d i s t r i b u t e d  system) approach f o r  t h e  evalua- 
t i o n  of over land  runoff  p rov ides  n o t  on ly  t h e  runoff  hydrograph b u t  a l s o  some 
i n fo rma t ion  on t h e  f low w i t h i n  t h e  d r a inage  a r e a .  Two of  t h e s e  methods, t h e  
I z z a r d  (1946) and t h e  Horton (1938) methods,  have long been accep ted  by 
h y d r a u l i c  and s a n i t a r y  eng inee r s  f o r  u rban ,  highway, and a i r p o r t  d r a inage  
des igns .  The k inemat ic  wave method, which i s  supposedly b e t t e r  than  t h e  
I z z a r d  and Horton methods because i t  i nc ludes  some f low uns t ead ine s s  e f f e c t s ,  
ha s  been r e c e n t l y  proposed ( e . g . ,  Henderson and Wooding, 1964; Grace and 
Eagleson,  1966; Eagleson,  1970, 1972; Har ley  e t  a l ,  1970) t o  eng inee r s  f o r  
p r a c t i c a l  a p p l i c a t i o n s .  More s o p h i s t i c a t e d  b u t  a c c u r a t e  models such a s  
s o l v i n g  t h e  S t .  Venant equa t i ons  i n  one-space dimension ( e . g . ,  Iwagaki ,  1951, 
1955; Behlke,  1957; L i g g e t t  and Woolhiser,  1967; Morgal i  and L i n s l e y ,  1965; 
Ragan, 1967; Abdel-Razaq e t  a l ,  1967; Chen and Chow, 1968; K a r e l i o t i s  and 
Chow, 1971) and two-space dimensions (Ben-Zvi, 1970) have a l s o  been developed 
b u t  have n o t  y e t  v e r i f i e d  by a c t u a l  d a t a .  
11-2. Sewer Flow Models 
Almost a l l  of t h e  e x i s t i n g  sewer f low r o u t i n g  models cons ide r  t h e  
sewer flows independent ly  from sewer t o  sewer d i s r ega rd ing  t h e  j u n c t i o n  l o s s e s  
and backwater e f f e c t s ,  and t h e  f lows i n  t h e  sewers a r e  r e l a t e d  t o  one ano ther  
on ly  i n  a s e q u e n t i a l  manner by cons ider ing  on ly  t h e  c o n t i n u i t y  r e l a t i o n s h i p .  
I n  o t h e r  words,  t h e  h y d r o ~ r a p h s  from t h e  upstream sewers a t  a j u n c t i o n  a r e  
added l i n e a r l y  t o  produce hydrographs f o r  t h e  downstream sewer and t h e  pro- 
cedure  is  r epea t ed  i n  sequence wi thout  cons ider ing  t h e  mutual  dynamic e f f e c t s  
among t h e  sewers and j u n c t i o n s .  
Most of t h e  commonly adopted methods t o  e s t i m a t e  sewer f lows u s e  t h e  
Manning, Chezy o r  s i m i l a r  formulas  (e .g . ,  ASCE, 1969; Wright-McLaughlin Engrs . ,  
1969) which implicitly assume the flow to be steady and uniform although in 
reality the contrary is true. The time variation of runoff is accounted for 
only indirectly through the continuity consideration. The flood waves in the 
sewers are not attenuated, usually the only delay time considered is the 
computed travel time of the flow in the sewers. From the hydraulics view- 
point, this is a linear kinematic wave approach. 
With the advent of high speed computers and recent development in 
numerical techniques, improved methods by using more sophiscated hyraulic 
equations have been proposed for application to sewer flows. The convention- 
ally used unsteady open-channel flow equation which is applicable to sewer . 
flows is the momentum equation 
in which x is the longitudinal direction of the sewer; V is the cross sec- 1 
tional average flow velocity along the x direction; t is time, g is the 
gravitational acceleration; h is the depth of flow measured perpendicular to 
x, 9 is the angle between the channel bed and a horizontal plane; S = sin9 
0 
is the sewer slope; and Sf is the friction slope. The corresponding equation 
of continuity is 
in which D = A/b is the hydraulic depth of the flow where b is the width of the 
free surface. 
Equations 1 and 2, known as the St. Venant equations, are first-order 
quasi-linear hyperbolic partial differential equations. They can be solved 
numerically with two initial and two boundary conditions known. However, in 
addition to the difficulties often encountered in defining the boundary con- 
d i t i o n s ,  t h e  numer ica l  s o l u t i o n  r e q u i r e s  c o n s i d e r a b l e  amount of computat ion.  
Hence, v a r i o u s  s i m p l i f i c a t i o n s  have been proposed t o  g i v e  s imple  approximate  
s o l u t i o n s .  Rout ing models u s i n g  o n l y  t h e  c o n t i n u i t y  e q u a t i o n  (Eq. 2 ) ,  o f t e n  
r e w r i t t e n  i n  t h e  form I-Q = d S / d t ,  where I and 0 a r e  r e s p e c t i v e l y  t h e  rates 
of i n f l o w  i n t o  and ou t f low from t h e  c o n t r o l  volume cons idered  and S  i s  t h e  
s t o r a g e  w i t h i n  i t ,  a r e  known a s  hydrology r o u t i n g s .  The h y d r o l o g i c  r o u t i n g  
t e c h n i q u e s ,  i n c l u d i n g  t h e  v a r i o u s  c o e f f i c i e n t  r o u t i n g  methods such as t h e  
Muskinghum technique,and t h e  r e s e r v o i r  r o u t i n g ,  can b e  found i n  most s t a n d a r d  
r e f e r e n c e s  ( G i l c r e s t ,  1950; Chow, 1959, 1964) .  
The c o n t i n u i t y  e q u a t i o n  (Eo. 2) can b e  s o l v e d  t o g e t h e r  w i t h  v a r i o u s  
s i m p l i f i c a t i o n s  of t h e  momentum e q u a t i o n  (Eq. 1 )  t o  form t h e  v a r i o u s  approxi-  
mate s i m u l a t i o n  models as show i n  Tab le  1. A d i s c u s s i o n  of t h e s e  approximat ions  
TABLE 1. - HYDRAULIC ROUTING MODELS 
-- 
Kinematic-Wave Ap rox imat ion  E 
Diffusion-Wave Approximation 
uasi-Steady Dynamic-Wave Approximation 
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can be found elsewhere (Sevuk, 1973). Among the approximate nonl inear  models, 
the s imples t  and widely discussed is t h e  nonl inear  kinematic-wave model (Harley 
e t  a l ,  19 70) which has been appl ied  t o  s e l e c t e d  urban sewers. Nei ther  t he  non- 
l i n e a r  diffusion-wave model nor  t he  non l inea r  quasi-steady dynamic-wave model 
has  been adequately s t u d i e s ,  nor  have they been appl ied  t o  sewer flows, 
although the  former model has been d iscussed  by Harley e t  a 1  (1970). The most 
s o p h i s t i c a t e d  model is  the  complete nonl inear  dynamic wave model involv ing  t h e  
s o l u t i o n  of t he  S t .  Venant equat ions wi th  d i f f e r e n t  numerical techniques 
(Harr i s ,  1970a; Yevjevich and Barnes, 1970). Because t h i s  model is  s o  sophis- 
t i c a t e d ,  a t  p re sen t  i t  has been used only by c e r t a i n  researchers  f o r  s p e c i f i c  
problems and has y e t  t o  be thoroughly inves t iga t ed  be fo re  i n t roduc t ion  t o  
p r a c t i c a l  engineers  f o r  adoption. It should be mentioned he re  t h a t  a t tempts  
have been made t o  l i n e a r i z e  t he  diffusion-wave model f o r  s o l u t i o n s  such a s  
t he  one developed by Harley e t  a 1  (1970) and by Van de Nes and Hendriks (1971) 
f o r  two-dimensional flows; bu t  i t  does n o t  seem t o  be  promising f o r  use i n  
sewers because of t h e  d i f f i c u l t y  involved i n  l i n e a r i z a t i o n  of t h e  flow equa- 
t i o n s  due t o  the  geometry of t h e  sewers. 
A l l  t h e  aforementioned previously developed sewer flow rou t ing  
models a r e  app l i cab le  t o  a s i n g l e  sewer. For t hese  models when appl ied  t o  a 
network t h e  sewers o r  channels a r e  simply t r e a t e d  ind iv idua l ly  i n  sequence 
wi th  t h e  flows cascading from one channel t o  another  towards downstream. 
However, i n  a sewer network i n  t h e  f i e l d  condi t ion ,  cons idera t ions  must be  
given t o  t h e  mutual dynamic e f f e c t s  such a s  backwater and energy l o s s e s  among 
t h e  sewers and junc t ions .  Several  ana lyses  have been developed f o r  water  
supply d i s t r i b u t i o n  networks of completely pressur ized  p ipes ,  y e t  they can- 
no t  be appl ied  t o  sewer networks which a r e  u sua l ly  of t r e e  type  and wi th  f r e e  
s u r f a c e  flows. For a channel system composed of a main channel and a s i n g l e  
t r i b u t a r y ,  s o l u t i o n s  based on t h e  complete n o n l i n e a r  f low e q u a t i o n s  have 
been o b t a i n e d  by I s a a c s o n  e t  a 1  (1956) ,  Larson  e t  a1 (1971) ,  Pinkayan (1972) ,  
and Fread (1972).  They a l l  recognized t h e  c o n t i n u i t y  of w a t e r  s u r f a c e  a t  
t h e  j u n c t i o n .  
11-3. I n t e g r a t e d  System Models 
I n  t h e s e  models t h e  over land  and sewer components d e s c r i b e d  i n  t h e  
p reced ing  two s u b s e c t i o n s  a r e  i n t e g r a t e d  t o g e t h e r  t o  g i v e  t h e  runoff  from a 
d r a i n a g e  system. A l l  t h e s e  models r e q u i r e  r a i n f a l l  and o t h e r  i n f l o w s ,  i f  any ,  
a s  t h e  i n p u t ,  and g i v e  t h e  runof f  hydrograph a t  t h e  p o i n t  of i n t e r e s t  i n  t h e  
d r a i n a g e  system a s  t h e  o u t p u t .  Almost a l l  t h e  e x i s t i n g  i n t e g r a t e d  models a r e  
s e q u e n t i a l  o r  cascade  models by e v a l u a t i n g  t h e  r u n o f f  from upst ream towards 
downstream i n  sequence w i t h o u t  c o n s i d e r i n g  t h e  mutual  e f f e c t s  among t h e  j o i n -  
i n g  sewers  o r  channe l s .  T h i s  p rocedure  s i m p l i f i e s  t h e  computat ion b u t  
s a c r i f i c e s  t h e  r e l i a b i l i t y  i n  e s t i m a t i n g  t h e  runoff  from a sewer network.  
The Los Angeles hydrograph method proposed by Hicks (1944) ,  t h e  
ch icago  method ( K e i f e r  and Chu, 1957; Thol in  and K e i f e r ,  1960) ,  t h e  i n l e t  
method (Horn and Dee, 1967; Kal tenbach,  1963) ,  and t h e  B r i t i s h  Road Research 
Labora to ry  (RR.L) method (Watkins,  1962; T e r s t r i e p  and S t a l l ,  1969; S t a l l  and 
T e r s t r i e p ,  1972) adopted e i t h e r  t h e  r a t i o n a l  method o r  l i n e a r  kinematic-wave 
model f o r  over land  f lows and l i n e a r  kinematic-wave approximat ion f o r  sewer 
f lows .  These f o u r  methods have been adopted by e n g i n e e r s  i n  p r a c t i c e  i n  v a r i o u s  
p l a c e s .  The Texas Tech model (Wel ls ,  A u s t i n ,  and Cook, 1971) is e s s e n t i a l l y  
an  e x t e n s i o n  of t h e  RRL model c o n s i d e r i n g  t h e  s t o c h a s t i c  n a t u r e  of r a i n f a l l  
and wate r  q u a l i t y .  The i n l e t  method h a s  been improved by Schaake (1965) t o  
i n c o r p o r a t e  the 'dynamic wave r o u t i n g .  A s i m i l a r  r o u t i n g  model h a s  been de- 
veloped and used i n  t h e  computer c o n t r o l l e d  r o u t i n g  of s t o r m  runof f  i n  a  
Minneapolis-St.  P a u l  s torm sewer system (Bowers e t  a l ,  1968) .  
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The Stanford Watershed Model (Crawford and L ins l ey ,  1966),  which 
was developed pr imar i ly  f o r  r u r a l  b a s i n s ,  has been modified a t  Hydrocomp (1969) 
t o  i nco rpora t e  nonl inear  kinematic-wave model i n  t h e  hydrau l i c  rou t ing  of t h e  
flow and can be used f o r  urban s e t t i n g s .  It was a l s o  modified a s  t h e  Kentucky 
Watershed Model (James, 1970) app l i cab le  t o  urban a reas .  
The FWQA model (Chen and Shubinski ,  1971) developed f o r  urban a r e a s  
assumes a  s e r i e s  of r ec t angu la r  overland sub-basins and adopts  a  l i n e a r  kine- 
matic-wave rou t ing  method by using t h e  Manning and con t inu i ty  equat ions.  The 
Metcalf and Eddy, I n c . ,  Univers i ty  of F lo r ida  and Water Resources Engineers ,  
Inc .  model (1971, SWM model) adopted a  l i n e a r  kinematic-wave approximation f o r  
bo th  overland (Chen and Shubinski,  1971) and sewer flow rou t ings .  No s p e c i a l  
cons ide ra t ions  were given t o  t h e  junc t ion  e f f e c t s .  Recently t h e  SWM model has 
been modified (Shubinski and Roesner, 1973) by considering t h e  s u r f a c e  and 
t o t a l  head compa t ib i l i t y  condi t ions  a t  t h e  junc t ions .  The d ischarge  i n t o  t h e  
junc t ion  is computed by assuming constant  d i scharge  w i t h i n  t h e  sewers and 
applying a  modified form of t h e  S t .  Venant equat ions only t o  t h e  e x i t  of t h e  
sewers. I n  o the r  words, i t  i s  a  quasi-steady approach. 
The Univers i ty  of Cinc inna t i  model (1970: Papadakis and P r e u l ,  1972) 
adopts  t h e  l i n e a r  kinematic-wave model f o r  t h e  overland and g u t t e r  flows by 
us ing  t h e  con t inu i ty  equat ion toge ther  wi th  t h e  Manning formula, and the  
Chicago method is  used f o r  t h e  sewers. The MIT model (Harley e t  a l ,  1970; 
Eagleson, 1972) rou te s  t h e  flow through t h e  drainage system by us ing  t h e  non- 
l i n e a r  kinematic-wave model. Linear  d i f f u s i o n  and dynamic-wave schemes a r e  
a l s o  discussed (Harley e t  a l ,  1970). The Utah model (Narayana e t  a l ,  1969; 
Evelyn e t  a l ,  1970) i s  an  analog s imula t ion  model using a  c o e f f i c i e n t  method 
derived on t h e  b a s i s  of t h e  Manning formula t o  rou te  t h e  runoff .  
It should be  mentioned he re  t h a t  f o r  t h e  s i m i l a r  bu t  no t  i d e n t i c a l  
s i t u a t i o n  of rou t ing  f loods  through r i v e r  b a s i n s ,  Larson and h i s  a s s o c i a t e s  
a t  t h e  Univers i ty  of Minnesota (Wei and Larson, 1971; Golany and Larson, 1971) 
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proposed a model for two specified Minnesota watersheds by using the kinematic 
wave equations for the overland flows and the St. Venant equations with Manning's 
roughness factor for channel flows, and considering the junction effect by 
using the continuity relationships and assuming only limited effect of back- 
water. 
III. RE-EXAMINATION OF now EQUATIONS USED IN 
SOLVING URBAN STORM DRAINAGE PROBLEMS 
U n t i l  t h e  Nineteen S i x t i e s ,  t h e  commonly used flow equa t i ons  i n  
s o l v i n g  urban d r a inage  problems a r e  s t e ady  uniform f low equa t i ons .  Recent ly  
w i th  t h e  demand f o r  more a c c u r a t e  computat ional  r e s u l t s  f o r  f low i n  d ra in -  
age systems and r i v e r  networks,  a t t emp t s  have been made by u s ing  more 
s o p h i s t i c a t e d  flow equa t i ons  such a s  t h e  S t .  Venant Equat ions  which,  a s  com- 
p l i c a t e d  a s  they  appear ,  were der ived  based on a  number of assumptions .  
With t h e  r a p i d  improvement i n  computer c a p a b i l i t i e s  and numerical  
t e chn iques ,  t h e  commonly used approximate f low equa t i ons  may n o t  match t h e  
computa t iona l  accuracy t h a t  can b e  achieved.  Consequently,  a  re-examination 
on t h e  r e l i a b i l i t y  and assumptions involved i n  t h e  f low equa t i ons  i s  needed 
s o  t h a t  g u i d e l i n e s  can b e  e s t a b l i s h e d  on t h e  a p p r o p r i a t e  f low equa t i ons  t o  
be  used t o  match t h e  r equ i r ed  accuracy i n  s o l v i n g  s torm d ra inage  problems. 
This  would on one hand preven t  wast ing of e f f o r t  i n  o b t a i n i n g  r e s u l t s  which 
a r e  unneces sa r i l y  a c c u r a t e  and on t h e  o t h e r  hand prov ide  r e l i a b l e  equa t i ons  
t o g e t h e r  w i th  l a r g e  computer c a p a b i l i t i e s  and numerical  t echn iques  t o  g i v e  
h i g h  accuracy s o l u t i o n s  when r e q u i r e d .  
Sewer flows a r e  u s u a l l y  f r e e - s u r f a c e  f lows ,  a l though  o c c a s i o n a l l y  
p r e s s u r i z e d  condui t  f lows do occur .  However, p r e su re i zed  sewers o f t e n  cause  
problems such a s  p o l l u t i o n  through l e ak ing  j o i n t s .  Hence, i n  de s ign  prac- 
t i c e  sewers a r e  assumed n o t  p r e s su r i z ed .  A s  s t a t e d  i n  a  r e p o r t  by ASCE 
Urban Water Resources Research Program (1968, p .  H-54), t r a n s i t i o n  from f r ee -  
s u r f a c e  f low t o  p r e s s u r i z e d  f low c o n t r a d i c t s  t h e  b a s i c  c r i t e r i o n  of s u c c e s s f u l  
performance of a  s torm sewer. There fore  on ly  f r ee - su r f ace  f lows are cons idered  
i n  t h i s  r e p o r t .  The r e sea r ch  r e s u l t s  from t h i s  p r o j e c t  on re-examination of 
t h e  open-channel f low equa t i ons  have been p r e sen t ed  i n  two p u b l i c a t i o n s  (Yen, 
1971, 1973).  Thus, only  a p a r t i a l  summary i s  g iven  i n  t h i s  chap t e r .  
To avoid t h e  assumptions and approximations commonly made i n  
de r iv ing  t h e  flow equat lons ,  a  r igorous  approach i s  adopted by i n t e g r a t i n g  
over t h e  flow c ros s  s e c t i o n  t h e  equat ions of c o n t i n u i t y ,  momentum, and 
energy f o r  a  po in t  f o r  a  Newtonian f l u i d .  The r e s u l t e d  equat ions a r e  then 
transformed i n t o  one-dimensional form by using cross  s e c t i o n a l  averaged 
va lues  of t h e  flow and by in t roducing  appropr i a t e  c o r r e c t i o n  c o e f f i c i e n t s .  
This approach of de r iva t ion  was f i r s t  appl ied  t o  almost homogeneous 
incompressible  f l u i d  a s  presented i n  a  p r o j e c t  r e sea rch  r e p o r t  (Yen, 1971). 
L a t e r ,  because of t h e  poss ib l e  f u t u r e  use  of t h e  equat ions  f o r  water 
p o l l u t i o n  problems, t he  de r iva t ion  was extended t o  nonhomogeneous 
f l u i d s  (Yen, 1973). The derived genera l  one-dimensional flow equat ions a r e  
app l i cab le  t o  channels of a r b i t r a r y  c ros s  s e c t i o n a l  shape and alignment 
wi th  f i x e d  o r  e r o d i b l e  and impervious o r  pervious bed. The f l u i d  can be 
homogeneous o r  nonhomogeneous, compressible o r  incompressible ,  and v iscous  
o r  i n v i s c i d .  The flow can be tu rbu len t  o r  l imina r ,  r o t a t i o n a l  o r  i r r o t a t i o n a l ,  
s teady  o r  unsteady, uniform o r  nonuniform, s u p e r c r i t i c a l  o r  s u b c r i t i c a l ,  
g radual ly  o r  r ap id ly  v a r i e d ,  and wi th  o r  without s p a t i a l l y  and temporally 
v a r i a b l e  continuous o r  i n t e r m i t t e n t  l a t e r a l  discharges.  The r e s u l t  f o r  
incompressible  f l u i d s  i s  summarized i n  Tables 2 ,  3 ,  and 4. A ske tch  of t h e  
flow reach and c ros s  s e c t i o n  considered is  shown i n  Fig.  1. 
I n  Tables 2,  3 ,  and 4, t he  symbols used a r e  def ined  i n  Notation. 
For t h e  energy equat ions ,  i n  add i t i on  t o  t h e  symbols def ined  i n  Table 4 ,  t he  
unsteady p re s su re  co r r ec t ion  f a c t o r  i s  
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The work done due t o  f l u c t u a t i n g  nonhomogeneous f l u i d  a r e  
The d i s s i p a t e d  energy gradient  i s  
The t r u e  c ross  s e c t i o n a l  t o t a l  head of flow measured from t h e  ho r i zon ta l  r e f -  
erence datum i n  terms of y i s  
a  
The piezometric head of t h e  l a t e r a l  flow when i t  j o i n s  the  channel flow and 
- 
measured i n  terms of y from t h e  ho r i zon ta l  re ference  datum i s  L 
and t h e  l o c a l  f l u c t u a t i o n  o r  turbulence v e l o c i t y  head of t h e  l a t e r a l  flow when 
jo in ing  t h e  channel flow is 
The subsc r ip t  L represents  t h e  quan t i ty  f o r  t h e  l a t e r a l  flow. The ba r  re -  
presents  temporal averaging over f l u c t u a t i o n s  such a s  turbulence, and a  primed 
term represents  the f l u c t u a t i o n  with respec t  t o  i t s  temporal mean va lue .  Re- 
p e t i t i o n  of t h e  s u b s c r i p t s  i o r  j i n  a term, except those f o r  t h e  one-dimensional 
co r rec t ion  c o e f f i c i e n t s ,  implies  summation over t h e  t h r e e  poss ib l e  orthogonal 
coordina te  d i r e c t i o n s .  
Examination of t h e  d e r i v e d  f low e q u a t i o n s  r e v e a l s  s e v e r a l  
s i g n i f i c a n t  p o i n t s  r e l a t e d  t o  r o u t i n g  of runof f  i n  d r a i n a g e  systems.  F i r s t ,  
t h e  S t .  Venant e q u a t i o n s  (Eqs. 1 and 2) a r e  approximat ions  of t h e  momentum 
and c o n t i n u i t y  e q u a t i o n s  a p p l i e d  t o  homogeneous incompress ib le  f l u i d s .  I n  
E q .  1, t h e  f o l l o w i n g  assumptions  a r e  invo lved  (Yen, 1973) :  
a )  The v e l o c i t y  u i s  uniformly d i s t r i b u t e d  over  t h e  c r o s s  s e c t i o n a l  1 
a r e a  A s o  t h a t  B = 1. 
b )  The p r e s s u r e  d i s t r i b u t i o n  i s  h y d r o s t a t i c  s o  t h a t  K = K' = 1. 
c )  The channel  s l o p e ,  S and hence 8, i s  c o n s t a n t  and independent  
0 ' 
of x .  
d )  The v a r i a t i o n  w i t h  r e s p e c t  t o  x of t h e  i n t e r n a l  normal s t r e s s e s  
a c t i n g  on t h e  c r o s s  s e c t i o n ,  aT/ax, i s  r e l a t i v e l y  n e g l i g i b l e .  
e )  There i s  no l a t e r a l  f low. 
These assumptions  e s s e n t i a l l y  r e q u i r e  t h a t  t h e r e  shou ld  be  no r a p i d  changes 
i n  f low c r o s s  s e c t i o n  o r  d i r e c t i o n .  
I n  Eq. 2 ,  t h e  assumptions  invo lved  a r e  t h a t  t h e  channel  bed is  non- 
e r o d i b l e  o r  t h e  t ime r a t e  of change of bed p r o f i l e  i s  slow and t h e  channe l  i s  . 
s t r a i g h t  and p r i s m a t i c  s o  t h a t  aA/ax f o r  a  g iven  h  is  e q u a l  t o  z e r o ;  o r ,  
a l t e r n a t i v e l y ,  t h e  channel  is s u f f i c i e n t l y  wide s o  t h a t  D m h  and t h e r e  is  
no r a p i d  change o r  d i s c o n t i n u i t y  of t h e  wid th  of t h e  f r e e  s u r f a c e  w i t h  r e s p e c t  
t o  x  s o  t h a t  t h e  ab/ax term i s  r e l a t i v e l y  n e g l i g i b l e .  Again,  t h e r e  i s  no 
l a t e r a l  f low.  
A t  p r e s e n t  t h e r e  is  no thorough s t u d y  made t o  r e v e a l  q u a n t i t a t i v e l y  
t h e  s i g n i f i c a n c e  of t h e s e  assumptions  invo lved  i n  t h e  S t .  Venant e q u a t i o n s .  
However, some p r e l i m i n a r y  i n v e s t i g a t i o n s  made i n  t h i s  p r o j e c t  i n d i c a t e  t h a t  w i t h  
t h e  e x c e p t i o n  of a few extreme c a s e s  t h e  S t .  Venant e q u a t i o n s  can be used s a t -  
i s f a c t o r i l y  i n  s o l v i n g  s to rm d r a i n a g e  f low problems. 
Second, t h e  derived equat ions i n d i c a t e  t h a t  t he  dynamic equat ion de- 
r i ved  based on t h e  energy concept is  inhe ren t ly  d i f f e r e n t  from t h a t  based on 
t h e  momentum concept. Consequently, t h e  d i s s i p a t e d  energy g r a d i e n t ,  Se (Eq .  6 ) ,  
is  d i f f e r e n t  from t h e  f r i c t i o n  s lope ,  S f ,  and they a r e  d i f f e r e n t  from t h e  channel 
s lope ,  S t h e  f r e e  s u r f a c e  s lope ,  ah/ax,  t h e  hydrau l i c  g rad ien t  o r  hydrau l i c  
0 , 
grade l i n e  r e f e r r e d  t o  a  h o r i z o n t a l  p l ane ,  (a$/ax)-s where $ is  t h e  cross-  0 
s e c t i o n a l  average piezometr ic  head of t h e  channel flow wi th  r e spec t  t o  t h e  
channel bottom, and the  g rad ien t  S = - aH/ax of t h e  o f t e n  used approximated H 
t o t a l  head H ,  
Third,  even i f  t he  approximations involved i n  t he  S t .  Venant eq- 
ua t ions  a r e  considered acceptab le ,  numerical s o l u t i o n s  f o r  t hese  equat ions 
cannot b e  proceeded because the  exac t  mathematical expression f o r  Sf f o r  
unsteady flow i s  unknown. The expressions f o r  S have been e s t ab l i shed  only f  
f o r  s teady  uniform flow wi th  no l a t e r a l  d i scharges ,  such a s  t h e  Chezy, Manning, 
o r  Weisbach formulas.  However, r e l i a b l e  e s t ima t ion  of S is  important f o r  f  
storm runoff computations, p a r t i c u l a r l y  f o r  s h e e t  flows such as  those on the  
s t r e e t s .  Manning's and Chezy's r e s i s t a n c e  f a c t o r s  were derived from s t eady ,  
uniform, fully-developed tu rbu len t  flows wi th  rough boundary and hence a r e  
o f t e n  unsu i t ab l e  f o r  use i n  urban s u r f a c e  runoff problems. 
Although a t  p resent  t h e r e  is a l a c k  of knowledge on unsteady open- 
channel flow which would be use fu l  i n  es t imat ing  t h e  f r i c t i o n  s lope ,  some in- 
formation can be obtained by s t u d i e s  on s teady  nonuniform flows. I n  o rde r  t o  
determine t h e  e f f e c t  of l a t e r a l  f lows,  p a r t i c u l a r l y  r a i n f a l l s ,  on s u r f a c e  run- 
o f f s ,  a  s tudy has been conducted on t h e  r e s i s t a n c e  t o  s teady  s p a t i a l l y  va r i ed  
flow (Yen e t  a l ,  1972).  It has been found t h a t  t h e  l a t e r a l  d i scharges ,  par- 
t i c u l a r l y  r a i n f a l l s ,  indeed play an important r o l e  i n  determining the  f r i c t i o n  
Reynolds Number, IR 
FIG. 2 .  RESISTANCE COEFFICIENTS FOR STEADY SHEET FLOW UNDER RAINFALL 
s lope  i n  shee t  flows. A r e s u l t  showing t h e  v a r i a t i o n s  of t h e  f r i c t i o n  re-  
s i s t a n c e  c o e f f i c i e n t ,  f  energy d i s s i p a t i o n  c o e f f i c i e n t ,  f  and total-head f '  e  ' 
l o s s  c o e f f i c i e n t ,  f H ,  a l l  i n  t h e  Weisbach r e s i s t a n c e  c o e f f i c i e n t  form, i s  
reproduced a s  Fig.  2,  i n  which t h e  Froude number IF = v~/&D and the  Reynolds 
numberlR = V R/v, where R i s  t h e  hydraul ic  r ad ius .  1 
Since t h e  S t .  Venant equat ions a r e  by themselves approximation of 
t h e  complete momentum and con t inu i ty  equat ions ,  t h e r e  i s  a  p o s s i b i l i t y  t h a t  
s impler  flow equat ions nay a l s o  be adequately app l i cab le  i n  so lv ing  urban 
storm runoff problems. A s  discussed i n  Chapter 2 ,  var ious  approximations, o r  
models, by dropping terms i n  t h e  S t .  Venant equat ions have been proposed by 
previous i n v e s t i g a t o r s .  For the  l i n e a r  approximations, t h e  l i n e a r  kinematic- 
wave model has been proven unsa t i s f ac to ry .  The accurac ies  of t he  l i n e a r  
diffusion-wave model and the  l i n e a r i z e d  S t .  Venant equat ions have not  been 
inves t iga t ed  o r  c a l i b r a t e d ,  and o f t e n  i t  i s  not  easy t o  s e l e c t  properly t h e  
re ference  flow condi t ions  f o r  t he  l i n e a r i z a t i o n  of t h e  equat ions.  
The nonl inear  approximate models, however, can be compared f o r  
t h e i r  s o l u t i o n s  wi th  t h e  so lu t ions  of t h e  S t .  Venant equat ions which i n  t u r n  
have been c a l i b r a t e d  aga ins t  e x i s t i n g  experimental r e s u l t s  (Sevuk, 1973). To 
i l l u s t r a t e  t h e  r e l a t i v e  accurac ies  of t h e  nonl inear  models, a  comparison i s  
made by considering a  r a t h e r  c r i t i c a l  condi t ion  of a  f lood wave routed through 
a long (4000 f t )  sewer. A four-point noncent ra l  i m p l i c i t  f i n i t e  d i f f e rence  
numerical scheme i s  adopted and i d e n t i c a l  time and space increments a r e  used 
i n  t h e  computation f o r  a l l  t h e  models. A t y p i c a l  r e s u l t  f o r  an inf low 
hydrograph having a  du ra t ion  t = 40 min routed  through t h e  sewer wi th  a  i 
diameter D = 6 f t  and s lope  So = 0.0006 over a  constant  baseflow Qb = 20 c f s  
i s  shown i n  Fig. 3. The computed r e s u l t s  show t h a t  t he  nonl inear  kinematic-wave 
model i s  t h e  l e a s t  accura te  one and i n  f a c t  i t  can account f o r  n e i t h e r  t h e  
backwater e f f e c t  nor t h e  a t t enua t ion  of t h e  unsteady flow. The computer time 
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r e q u i r e d  f o r  t h e  kinematic-wave model i s  approximately  one-half o f  t h a t  f o r  
t h e  S t .  Venant e q u a t i o n s .  
The s o l u t i o n  of t h e  n o n l i n e a r  d i f fus ion-wave model has  been found 
t o  a g r e e  c l o s e l y  w i t h  t h a t  of t h e  S t .  Venant e q u a t i o n s .  The former ,  un- 
f o r t u n a t e l y ,  r e q u i r e s  on ly  s l i g h t l y  s h o r t e r  computer t ime ,  20% o r  less f o r  
t h e  c o n d i t i o n s  t e s t e d ,  a s  compared t o  t h e  l a t e r  s o l u t i o n .  The n o n l i n e a r  
quas i - s t eady  dynamic-wave model g i v e s  s l i g h t l y  l e s s  a c c u r a t e  s o l u t i o n s  w h i l e  
r e q u i r i n g  more computer t ime a s  compared t o  t h e  n o n l i n e a r  d i f fus ion-wave 
model. 
S e l e c t i o n  o f  t h e  most d e s i r a b l e  model f o r  r o u t i n g  of unsteady f lows 
i n  urban s t o r m  d r a i n a g e  systems depends on t h e  o b j e c t i v e  of and t h e  accuracy  
r e q u i r e d  f o r  t h e  r o u t i n g .  S ince  t h e  o b j e c t i v e  of t h i s  r e s e a r c h  p r o j e c t  is 
t o  develop a r e l i a b l e  r o u t i n g  model f o r  f low through urban s to rm d r a i n a g e  
sys tems ,  and because  t h e  n o n l i n e a r  d i f fus ion-wave model o f f e r s  no g r e a t  
s a v i n g s  i n  computer t i m e ,  n o r  i n  s i m p l i c i t y  i n  programming, t h e  cho ice  i s  
obvious:  The complete n o n l i n e a r  form of t h e  S t .  Venant e q u a t i o n s  a r e  adopted 
as much as p o s s i b l e  and p r a c t i c a l  i n  t h i s  p r o j e c t  t o  develop t h e  improved 
mathemat ica l  model f o r  r o u t i n g  of s to rm r u n o f f  through s to rm d r a i n a g e  sys tems .  
I V .  SOLUTION METHODS FOR SAINT VENANT EQUATIONS 
A s  d i s c u s s e d  i n  t h e  p reced ing  c h a p t e r ,  i n  view of t h e  o b j e c t i v e  of 
t h i s  r e s e a r c h  p r o j e c t  and t h e  p r e s e n t  knowledge on t h e  f low e q u a t i o n s  and 
h y d r a u l i c  r e s i s t a n c e ,  i t  has  been dec ided  t h e  S t .  Venant e q u a t i o n s  be  adopted 
herewi th  a s  t h e  b a s i s  i n  s o l v i n g  s to rm runof f  problems . N e v e r t h e l e s s ,  a  
q u a n t i t a t i v e  s t u d y  i n  t h e  f u t u r e  on t h e  r e l i a b i l i t y  and approximat ions  in -  
volved i n  t h e s e  e q u a t i o n s  would be  d e s i r a b l e .  
S i n c e  t h e  S t .  Venant e q u a t i o n s  (Eqs. 1 and 2) a r e  f i r s t - o r d e r  quas i -  
l i n e a r  h y p e r b o l i c  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s ,  no e x p l i c i t  s o l u t i o n  e x i s t s  
and they  can be  s o l v e d  on ly  numer ica l ly  w i t h  two i n i t i a l  and two boundary 
c o n d i t i o n s  s p e c i f i e d .  I n  view of t h e  p o s s i b l e  l a r g e  number of g u t t e r s  and 
sewers i n  a  d r a i n a g e  system,  t h e  s e l e c t i o n  of an a p p r o p r i a t e  s o l u t i o n  method 
i s  most i m p o r t a n t .  A s t u d y  has  been conducted i n  t h i s  p r o j e c t  on d i f f e r e n t  
s o l u t i o n  methods f o r  t h e  S t .  Venant e q u a t i o n s  a p p l i e d  t o  a  s i n g l e  channe l  i n  
o r d e r  t o  r e v e a l  a  s u i t a b l e  s o l u t i o n  method t h a t  can b e  adopted f o r  t h e  a n a l y s i s  
of d r a i n a g e  sys tems ,  p a r t i c u l a r l y  t h e  sewer networks.  The r e s u l t s  of t h i s  
p a r t  of r e s e a r c h  have been r e p o r t e d  i n  a  paper  (Sevuk and Yen, 1973a) and a  
t h e s e s  (Sevuk, 1973) .  
Numerical  s o l u t i o n s  of t h e  S t .  Venant e q u a t i o n s  can b e  a t t empted  by 
u s i n g  v a r i o u s  f i n i t e  d i f f e r e n c e  t echn iques  which can b e  c l a s s i f i e d  i n t o  t h e  
fo l lowing  t h r e e  major c a t e g o r i e s :  
a )  E x p l i c i t  f i n i t e  d i f f e r e n c e  schemes, i n  which Eqs. 1 and 2  a r e  
w r i t t e n  i n  f i n i t e  d i f f e r e n c e  form, u s u a l l y  l i n e a r  a l g e b r a i c  
e q u a t i o n s ,  from which t h e  unknowns a r e  e v a l u a t e d  e x p l i c i t l y .  
b )  I m p l i c i t  f i n i t e  d i f f e r e n c e  schemes, i n  which Eqs. 1 and 2  a r e  
w r i t t e n  i n  f i n i t e  d i f f e r e n c e  form a s  a  s e t  of n o n l i n e a r  a lge -  
b r a i c  e q u a t i o n s ,  from which t h e  unknowns a r e  s o l v e d  s imul ta -  
neous ly  . 
c )  Method of c h a r a c t e r i s t i c s ,  i n  which Eqs. 1 and 2 a r e  t rans-  
formed i n t o  c h a r a c t e r i s t i c s  equat ions ,  then w r i t t e n  i n  f i n i t e  
d i f f e rence  form f o r  s o l u t i o n s .  
Within each category d i f f e r e n t  computational schemes have been proposed. 
S tudies  pe r t a in ing  t o  the  convergence, s t a b i l i t y ,  computational speed and 
s i m p l i c i t y  concerning these  methods have been made by var ious  i n v e s t i g a t o r s  
(Amein and Fang, 1969; Ba l t ze r  and L a i ,  1968; Gunaratnam and Perk ins ,  1970; 
L igge t t  and Woolhiser, 1967; S t r e l k o f f ,  1970; Yevjevich and Barnes, 1970). 
I n  t h i s  research  p r o j e c t ,  a d d i t i o n a l  information concerning t h e  method of 
c h a r a c t e r i s t i c s  and i m p l i c i t  schemes a r e  provided. 
The e x p l i c i t  schemes have been popular and explored extens ive ly  
by previous i n v e s t i g a t o r s  because of t h e i r  d i r ec tness  i n  expressing t h e  
unknowns. Various computational procedures,  including t h e  d i f f u s i o n  scheme, 
s taggered scheme, leap-frog scheme, and t h e  Lax-Wendroff scheme have been 
proposed. The computational space and time i n t e r v a l s  a r e  usua l ly  chosen 
based on t h e  Courant c r i t e r i o n  which does not  necessa r i ly  guarantee com- 
p u t a t i o n a l  s t a b i l i t y .  Limi ta t ion  on the  computational i n t e r v a l s  t o  s a t i s f y  
t h e  s t a b i l i t y  problem o f t en  r e s u l t s  i n  lengthy computation, p a r t i c u l a r l y  f o r  
long dura t ion  unsteady flows. Furthermore, f o r  s h o r t  dura t ion  r ap id ly  varying 
t r a n s i e n t  f lows,  Yevjevich and Barnes (1970) have shown t h a t  t h e  e x p l i c i t  
schemes a r e  l e s s  accura te  than t h e  Courant scheme appl ied  t o  t h e  method of 
c h a r a c t e r i s t i c s .  The re fo re , i t  was decided t h a t  t he  e x p l i c i t  schemes a r e  not  
s u i t a b l e  f o r  rout ing  storm runoff i n  t h i s  research .  
Various i m p l i c i t  f i n i t e  d i f f e rence  schemes such a s  t h e  four-point 
c e n t r a l  o r  noncentral  and s ix-point  c e n t r a l  o r  noncent ra l  schemes have been 
proposed. The s ix-point  c e n t r a l  scheme has been repor ted  (Ligget t  and Wool- 
h i s e r ,  1967) i n  so lv ing  overland flow problems t o  e x h i b i t  inaccuracy a t  t h e  
boundaries which may lead  t o  computational i n s t a b i l i t y  f o r  t ime s t e p s  g r e a t e r  
than twice t h e  value given by the  Courant c r i t e r i o n .  The s ix-point  noncent ra l  
and t h e  four -po in t  c e n t r a l  schemes have been found l o s i n g  l i q u i d  through 
t h e  p r o c e s s  of computation and a l s o  exhibi t :  o s c i l l a t i o n  i n  t h e  s o l u t i o n s  
(Fread ,  1973; Gunaratnm. and P e r k i n s ,  1970) .  None of t h e s e  problems have 
been observed f o r  t h e  four -po in t  n o n c e n t r a l  scheme provided t h e  Courant 
c r i t e r i o n  i s  n o t  v i o l a t e d  e x c e s s i v e l y  and hence i t  i s  chosen f o r  f u r t h e r  
i n v e s t i g a t i o n  i n  t h i s  p r o j e c t .  The f i n i t e  d i f f e r e n c e  f o r m u l a t i o n  of t h i s  
scheme h a s  been r e p o r t e d  p r e v i o u s l y  (Sevuk and Yen, 1973a) .  A g e n e r a l i z e d  
Newton i t e r a t i o n  method has  been adopted f o r  t h e  s o l u t i o n s .  
Four schemes a p p l i e d  t o  t h e  method of c h a r a c t e r i s t i c s  a r e  in -  
v e s t i g a t e d  i n  t h i s  s t u d y ;  namely, t h e  Courant scheme which i s  an  e x p l i c i t  
scheme, t h e  f i r s t  o r d e r  scheme which i s  a  p s e u d o - e x p l i c i t  scheme, t h e  
second o r d e r  scheme which i s  a  pseudo- impl ic i t  scheme so lved  by a  p r e d i c t o r -  
c o r r e c t o r  method, and t h e  four -po in t  n o n c e n t r a l  i m p l i c i t  scheme a p p l i e d  t o  
t h e  c a n o n i c a l  form of t h e  c h a r a c t e r i s t i c s  equa t ion .  For  a  comparison of 
t h e s e  f o u r  schemes a s  w e l l  a s  t h e  d i r e c t  four -po in t  n o n c e n t r a l  i m p l i c i t  
TABLE 5, - EXPERIMENTAL DATA ADOPTED FOR COIPARISON WITH THEORETICAL 
SOLUTION FOR SINGLE SEWERS 
Sewer and In f low 
P r o p e r t i e s  CSU Run No. 19 HRS Run No. 115 
Diameter ,  D ,  f t  3.0 0 .25 
Length,  L, f t  
S lope ,  S  
0 
Roughness 
Base Flow, O b ,  c f s  
Peak In f low,  Q (0)  , c f s  
P  
Dura t ion  of In f low 
Hydrograph, ti, s e c  
Shape of In f low 
Hydrograph 
Symmetric, 
t r i a n g u l a r  
Symmetric, t r a p e z o i d a l  
w i t h  peak i n f l o w  f o r  
3 .3  s e c  
scheme, and to test the reliability of using the St. Venant equations in 
sewers and channels, flow conditions for experiments performed by Ackers and 
Harrison (1964) at British Hydraulic Research Station at Wallingford (HRS) 
and by Yevjevich and Barnes (1970) at Colorado State University (CSU) are 
reproduced theoretically by using each of these schemes. The computed 
and experimental results for two flow conditions given in Table 5 are shown 
in Figs. 4 and 5 and they indicate that the solutions for all the five 
schemes are in good agreement with the experimental maximum depth, Y . 
m 
Therefore, these schemes are further tested for more critical condition by 
routing hypothetical flood waves through a long (8000 ft) 6-ft diameter 
sewer having a small slope (0.0006) and a Manning's roughness factor, n, 
equal to 0.015. The use of n instead of Weisbach's f here is because of 
the relative constancy and hence simplicity of n for the range of flow 
considered. A typical result is shown in Fig. 6. The error in flood 
volume conservation, E,  is defined as the ratio of the difference between 
the storage increment and the cumulative net inflow to the cumulative flood 
volume. All the computer programs developed in this research project for 
the comparative study of single sewer solution methods are written in 
Fortran IV language and filed in the Hydrosystems Laboratory of the University 
of Illinois at Urbana-Champaign. 
Comparison of the relative merit of the computational schemes to 
approximate the continuous~differential equations by discrete finite difference 
formulations is usually made based on the computational stability, convergence 
or some kind of accuracy, and the computational time or speed of the schemes. 
Details of this comparative study have been reported elsewhere (Sevuk and Yen, 
1973a). From a practical view point one should keep in mind that it is un- 
necessary and not worthwhile to carry out a computational scheme beyond the 
required accuracy, particularly in view of the approximations involved in the 
St. Venant equations. 
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By using the error in flood volume conservation, E ,  as an indirect 
indication of the convergence of the finite difference solution to approach 
the true solution of the differential equations, it can be seen from Fig. 6 
that the second order characteristic scheme appears to be the most satis- 
factory whereas the Courant scheme is the least. The first-order character- 
istic scheme is good at the relatively early period or with a small space 
increment. Contrarily, the direct implicit scheme and the implicit scheme 
applied to the canonical characteristics equations are good only for the later 
period, and the latter appears to be the better. It has also been found that 
among the schemes tested, Courant's is the one most sensitive to the change of 
computational space interval, whereas the second-order characteristic scheme 
the least. For the implicit scheme applied to the canonical or direct forms, 
an increase in computational space interval tends to cause a small numerical 
dumping. Contrarily, the first-order characteristic schemes appears to cause 
a numerical amplification. 
As to the computational stability, based on previous investigations, 
the following conclusions can be drawn. The four-point noncentral implicit 
scheme, whether applied to canonical characteristic form or direct form, is 
unconditionally stable, and hence the computational space and time intervals 
can be selected independently (Amien and Fang, 1369; Fread, 1973). The 
second-order characteristic scheme is always stable provided that the Courant 
criterion is satisfied (Wylie, 1970). The first-order characteristic scheme, 
the Courant scheme, as well as the explicit schemes are usually stable if the 
Courant criterion is satisfied (Gunaratnam and Perkins, 1970; Liggett and 
Woolhiser, 1967; Richtmyer, 1962; Sevuk, 1973). 
Two factors which should also be considered in comparing different 
computational methods are the computer time required and the difficulties in 
programming. No generally agreed yardsticks have been established concerning 
this aspect. However, loosely it may be stated that in programming explicit 
schemes a r e  e a s i e r  t h a n  i m p l i c i t  schemes, and t h e  d i r e c t  form (Eqs. 1 and 2)  
i s  s l i g h t l y  s i m p l e r  t h a n  t h e  c h a r a c t e r i s t i c  form. However, t h e  p r e c i s e  com- 
p a r i s o n  depends on t h e  p a r t i c u l a r  scheme and e q u a t i o n s  used and t h e  l o g i c  i n  
program in^. 
A s  t o  t h e  computer t ime ,  f o r  e x p l i c i t  schemes i t  depends main ly  on 
t h e  t ime  increment  A t  used which is determined by some s t a b i l i t y  c r i t e r i a  f o r  
g iven  s p a c e  inc rements .  However, t h e  maximum v a l u e  of Ax t h a t  can be  used i s  
o f t e n  l i m i t e d  by t h e  channel  geometry,  and consequent ly  r e s u l t e d  i n  s m a l l  A t  
and long  computer t ime.  For  t h e  i m p l i c i t  schemes, f o r  which A t  and Ax can b e  
s e l e c t e d  independen t ly ,  s u b j e c t  t o  t h e  convergence c o n s t r a i n t ,  t h e  computer 
t ime depends mainly  on t h e  number of i t e r a t i o n s  r e q u i r e d  which i n  t u r n  depends 
on t h e  v a l u e s  of A t  and t o  a l e s s e r  degree  Ax used.  T h e r e f o r e ,  f o r  long- 
d u r a t i o n  s lowly-varying t r a n s i e n t  f lows i m p l i c i t  schemes,  which u s u a l l y  r e q u i r e  
s h o r t e r  computer t ime because  t h e  v a l u e  of A t  can  b e  s e l e c t e d  w e l l  i n  e x c e s s  of 
t h o s e  g i v e n  by t h e  Courant c r i t e r i o n  w i t h o u t  s a c r i f i c i n g  t h e  accuracy ,  a r e  pre- 
f e r r e d  t o  t h e  e x p l i c i t  schemes. However, f o r  s h o r t - d u r a t i o n  rap id ly -vary ing  
f l o w s ,  t h e  advantage on computer t ime of t h e  i m p l i c i t  schemes over  t h e  ex- 
p l i c i t  schemes d imin i shes  because  of t h e  A t  l i m i t a t i o n  imposed by t h e  con- 
vergence c o n s i d e r a t i o n .  Usua l ly  t h e  computer t ime r e q u i r e d  f o r  t h e  e x p l i c i t  
schemes can  be  e s t i m a t e d  approximately  by t h a t  f o r  t h e  Courant scheme. 
S e l e c t i o n  of t h e  most s u i t a b l e  numer ica l  s o l u t i o n  schemes f o r  urban 
d r a i n a g e  problems depends on t h e  f low and channel  c o n d i t i o n s  i n  a d d i t i o n  t o  
t h e  r e q u i r e d  accuracy and s i z e  of t h e  computer a v a i l a b l e .  For  t h e  same s to rm 
d r a i n a g e  system,  t h e  optimum s o l u t i o n  scheme f o r  t h e  sewer network i s  n o t  
n e c e s s a r y  t h e  b e s t  f o r  t h e  g u t t e r s  o r  t h e  over land  f lows  and no s imple  g e n e r a l  
r u l e s  can be  e s t a b l i s h e d .  N e v e r t h e l e s s ,  t h e  in format ion  summarized i n  t h i s  
c h a p t e r  would h e l p  c o n s i d e r a b l y  i n  s e l e c t i n g  t h e  most s u i t a b l e  models f o r  
d i f f e r e n t  components of a s to rm d r a i n a g e  system. 
A s  a  f u r t h e r  t e s t  on t h e  second-order c h a r a c t e r i s t i c  scheme, and t o  
present  t h e  r e s u l t s  of t h i s  p a r t  of i n v e s t i g a t i o n  i n  an a l t e r n a t i v e  manner 
which may be u s e f u l  f o r  c e r t a i n  a p p l i c a t i o n s ,  numerical s o l u t i o n s  have been 
made t o  develop nondimensional r e l a t i o n s h i p s  t o  descr ibe  t h e  peak discharge 
and peak flow depth, a s  we l l  a s  t h e i r  times of t r a v e l ,  a s  funct ions  of inflow 
and sewer c h a r a c t e r i s t i c s .  The f r i c t i o n  s lope  i s  approximated by using t h e  
Darcy-Weisbach formula. As shown i n  Fig.  7 ,  t h e  nondimensional peak discharge,  
9; = Q ~ ( x ) / Q ~ ( o ) ,  a t  any cross  s e c t i o n  along t h e  sewer i s  a  funct ion  of t h e  
nondimensional inf low and sewer c h a r a c t e r i s t i c s  parameter IT where 1 
i n  which Q (0) and Q (x) a r e  t h e  peak discharges above t h e  base flow a t  t h e  
P  P 
ent rance  x  = 0 and a t  a  d i s t ance  x  from ent rance ,  r e spec t ive ly ;  t i s  t h e  time 
P  
of occurrence of peak discharge of inf low; t is t h e  time t o  t h e  cen te r  of 
a 
g r a v i t y  of t h e  inflow hydrograph; D is t h e  diameter of sewer; R,, i s  t h e  
hydraul ic  r ad ius  a t  base flow r a t e ;  and k  i s  t h e  su r face  roughness of sewer. 
Shown i n  Fig. 8 is t h e  nondimensional p l o t  represent ing  t h e  time of occurrence 
of t h e  peak discharge i n  which t h e  dimensionless t ime parameter IT is 2 
( t - t  )VW Rb -0.57 tpQp(0) -0.44 'b 0.40 I = r  ; 2 1 ( 5 )  6 n3 IT (12) 
t p D  e, 
i n  which VW = v l + m  i s  t h e  wave c e l e r i t y  f o r  a  discharge equal  t o  t h e  base 
flow r a t e  Q b  ' 
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V.  SURFACE RUNOFF INTO INLET CATCH BASINS 
A s  d i s c u s s e d  i n  Chapter I ,  from t h e  h y d r a u l i c  view p o i n t  an urban 
s torm d r a i n a g e  system can b e  d i v i d e d  i n t o  two major p a r t s ;  namely, t h e  p a r t  
upstream from t h e  i n l e t  c a t c h  b a s i n s ,  and t h e  p a r t  downstream of them. The 
former t r a n s f e r s  t h e  w a t e r  from r a i n f a l l  on r o o f s ,  lawns,  pavement and o t h e r  
l a n d  s u r f a c e s  through g u t t e r s ,  d i t c h e s  o r  o t h e r  d e v i c e s  i n t o  i n l e t  c a t c h  
b a s i n s .  I n  t h e  p r e s e n t  s t u d y  t h e  s u r f a c e  runof f  p a r t  upst ream from t h e  in -  
l e t s  i s  s i m p l i f i e d  a s  t h e  over land  and p u t t e r  f lows .  The over land  f low i s  
cons idered  a s  from pavement o r  s i m i l a r  l and  s u r f a c e .  However, i t  should b e  
mentioned h e r e  t h a t  t h e  methodology used i n  t h i s  s t u d y  i s  s u f f i c i e n t l y  g e n e r a l  
and can e a s i l y  b e  adopted t o  o t h e r  types  of l and  s u r f a c e  c o n d i t i o n s .  
T r a d i t i o n a l l y ,  i n  p r a c t i c e ,  t h e  over land  and g u t t e r  r u n o f f s  a r e  
c a l c u l a t e d  by us ing  s t e a d y  uniform f low e q u a t i o n s  such  a s  Manning's formula.  
I n  r e a l i t y ,  n a t u r a l  r a i n f a l l s  a r e  c e v e r  s t e a d y  nor  uniformly d i s t r i b u t e d  over  
t h e  l and  s u r f a c e .  Consequently,  t h e  s u r f a c e  r u n o f f s  a r e  unsteady and non- 
uniform. I t  w i l l  b e  shown l a t e r  t h a t  t h e  unsteady s u r f a c e  runoff  d i f f e r s  
c o n s i d e r a b l y  from t h e  s t e a d y  f low c o n v e n t i o n a l l y  assumed. 
V-1. Dimensional Ana lys i s  
The flow from a  g u t t e r  depends on t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  
g u t t e r ,  pavement, i n f l o w ,  p r o p e r t i e s  of t h e  f l u i d ,  and t h e  downstream f low 
c o n d i t i o n  i f  t h e  f low i s  s u b c r i t i c a l .  There a r e  v a r i o u s  types  of g u t t e r s  and 
s t r e e t  pavement crown shapes .  The most p o p u l a r  ones a r e  t h e  t r i a n g u l a r  gut-  
t e r s  and s t r a i g h t  pavement c r o s s  s l o p e s  (Fig.  9 ) .  For such g u t t e r s  and pave- 
ments,  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  g u t t e r  c o n s i s t s  o f  i t s  l o n g i t u d i n a l  
s l o p e  S which is  u s u a l l y  e q u a l  t o  t h e  s t r e e t  s l o p e ,  i t s  l e n g t h  L i t s  wid th  
0 g  ' 
B,  t h e  t r a n s v e r s e  a n g l e ,  $I, of t h e  g u t t e r  made w i t h  t h e  h o r i z o n t a l ,  and a  
measure of t h e  roughness of t h e  g u t t e r  s u r f a c e ,  k. The curb s i d e  of t h e  g u t t e r  

i s  assumed t o  b e  v e r t i c a l .  The pavement c h a r a c t e r i s t i c s  i n c l u d e  i t s  c r o s s  
s l o p e  o r  sometimes c a l l e d  crown s l o p e ,  expressed  i n  terms of t h e  a n g l e  made 
between t h e  pavement and t h e  h o r i z o n t a l , $  , i t s  l e n g t h  a long  t h e  t r a n s v e r s e  
P  
d i r e c t i o n  of t h e  s t r e e t ,  W , and i t s  s u r f a c e  roughness ,k  . 
P  P  
The i n f l o w  c o n s i s t s  of r a i n f a l l  and t h e  i n f l o w  a t  t h e  upstream of t h e  
g u t t e r .  The r a i n  which f a l l s  on t h e  pavement a s  w e l l  a s  d i r e c t l y  over  t h e  gu t -  
t e r  h a s  an  average  i n t e n s i t y  i over i t s  d u r a t i o n  t . .  For  t h e  a r e a  on a  s t r e e t  
I 
c o n t r i b u t i n g  t o  an i n l e t  t h e  a r e a l  v a r i a t i o n  of i i s  u s u a l l y  s m a l l  and hence 
assumed uniform. T h i s  assumption on uniform a r e a l  and temporal  d i s t r i b u t i o n s  
of r a i n f a l l  i n t e n s i t y  i s  made s imply f o r  t h e  sake  o f  s i m p l i c i t y  i n  p r e s e n t i n g  
t h e  r e s u l t s  and can e a s i l y  b e  removed. For s i m p l i c i t y ,  i cons idered  h e r e  i s  
assumed t o  b e  r a i n f a l l  e x c e s s ,  i . e . ,  r a i n f a l l  minus i n f i l t r a t i o n  and o t h e r  
l o s s e s .  Th i s  a g a i n  can e a s i l y  b e  modi f i ed  and improved by i n c l u d i n g  in -  
f i l t r a t i o n  and o t h e r  a b s t r a c t i o n s .  
The g u t t e r  upst ream i n f l o w  can b e  t h e  s p i l l - o v e r  from t h e  p r e v i o u s  
i n l e t ,  t h e  f low from s t r e e t  washing o r  h y d r a n t ,  t h e  w a t e r  from mel ted  snow, o r ,  
s imply o n l y  a  p o r t i o n  of t h e  e n t i r e  g u t t e r  i s  cons idered  i n  t h e  a n a l y s i s  t o  . 
s a v e  computa t iona l  t ime and c o s t  and hence t h e  f low from t h e  upstream p o r t i o n  
i s  e s t i m a t e d  a s  t h e  in f low.  The i n f l o w  through t h e  upstream c r o s s  s e c t i o n  of 
t h e  g u t t e r  can b e  d e s c r i b e d  by t h e  peak d i s c h a r g e  Q and d u r a t i o n  t of t h e  
P  u  u  
i n f l o w  hydrograph t o g e t h e r  w i t h  nondimensional pa ramete rs  J r e p r e s e n t i n g  t h e  
t '  
t ime d i s t r i b u t i o n  of t h e  i n f l o w ,  and J , Jd,  and J f o r  t h e  p r e s s u r e ,  d e p t h ,  
P  v  
and v e l o c i t y  d i s t r i b u t i o n s ,  over  t h e  upstream e n t r a n c e  c r o s s  s e c t i o n  of t h e  
g u t t e r .  I f  t h e  l e n g t h  of t h e  g u t t e r ,  L , cons idered  i s  n o t  v e r y  s h o r t ,  s a y  
g 
g r e a t e r  t h a n  50 t imes t h e  h y d r a u l i c  r a d i u s  of t h e  g u t t e r  f low a t  peak d i s -  
charge ,  t h e n  t h e  i n f l u e n c e  of t h e  backwater e f f e c t  due t o  t h e  v e l o c i t y ,  d e p t h ,  
and p r e s s u r e  d i s t r i b u t i o n s  a t  t h e  e n t r a n c e  s e c t i o n  of t h e  g u t t e r  on t h e  f low a t  
t h e  g u t t e r  e x i t  i s  i n s i g n i f i c a n t .  I n  o t h e r  words,  a s  f a r  a s  t h e  f low through 
t h e  e x i t  s e c t i o n  of t h e  g u t t e r  i s  concerned,  t h e  f low a t  t h e  e n t r a n c e  s e c t i o n  
behaves l i k e  a  s o u r c e  and hence t h e  c h a r a c t e r i s t i c s  of t h e  i n f l o w  hydrograph 
i s  imoor tan t  b u t  t h e  e f f e c t s  due t o  J Jd ,  and Jv can b e  n e g l e c t e d .  The para-  
P ' 
meter  J d e s c r i b e s  t h e  shape of t h e  hydrograph and h e r e  f o r  t h e  s a k e  of 
t 
s i m p l i c i t y  w i t h o u t  l o s i n e  g e n e r a l i t y  t h e  g u t t e r  i n f l o w  hydropraphs  a r e  assumed 
t o  b e  s i n e  curves .  
The f l u i d  p r o p e r t i e s  i n c l u d e  i t s  d e n s i t y  p ,  s p e c i f i c  weiqht y ,  k ine -  
m a t i c  v i s c o s i t y  v ,  and s u r f a c e  t e n s i o n  o .  Although s u r f a c e  r u n o f f s  a r e  o f t e n  
s h e e t  f low w i t h  depth  s m a l l e r  t h a n  one i n c h ,  t h e  roughness  of t h e  s u r f a c e  t ex-  
t u r e  of t h e  g u t t e r s  and s t r e e t s  t o g e t h e r  w i t h  i n f i l t r a t i o n s  would make t h e  
e f f e c t  of s u r f a c e  t e n s i o n  n e g l i g i b l e .  
Thus,  t h e  d i s c h a r g e  Q a t  t h e  exi . t  s e c t i o n  of t h e  g u t t e r  can be  ex- 
0 
p r e s s e d  a s  a  f u n c t i o n  of t h e  i n f l u e n t i a l  f a c t o r s  a s  
i n  which t i s  t i m e ,  6 i s  a  d imens ion less  parameter  r e p r e s e n t i n g  t h e  downstream 
c o n d i t i o n s  of t h e  g u t t e r ,  and F r e p r e s e n t s  a  f u n c t i o n .  
The downstream c o n d i t i o n  of t h e  g u t t e r  f low depends on t h e  p h y s i c a l  
p r o p e r t i e s  of t h e  i n l e t .  I f  t h e  f low i s  s u p e r c r i t i c a l ,  t h e  f low i n  t h e  g u t t e r  
i s  independent  of t h e  downstream c o n d i t i o n  a s  long a s  a  one-dimensional an- 
a l y s i s  i s  a p p l i e d .  C o n t r a r i l y ,  i f  t h e  g u t t e r  f low i s  s u b c r i t i c a l ,  t h e  back- 
w a t e r  e f f e c t  due t o  t h e  downstream c o n d i t i o n  would a f f e c t  t h e  f low i n  t h e  gut-  
t e r .  There a r e  two major types  of i n l e t s ,  namely, t h e  g r a t e  i n l e t s  and t h e  
curb i n l e t s .  Many v a r i a t i o n s  e x i s t  f o r  each t y p e  and they a r e  used i n d i v i d -  
u a l l y  a s  w e l l  a s  mixed and combined. Even w i t h i n  t h e  U , S . ,  none of t h e  s t a t e s  
h a s  s t a n d a r d i z e d  t h e  i n l e t s .  I t  i s  n o t  p o s s i b l e  i n  t h i s  s t u d y  t o  i n v e s t i g a t e  
a t  p r e s e n t  t h e  d i f f e r e n t  e f f e c t s  of t h e  numerous v a r i o u s  t y p e s  of i n l e t s , n o r  i s  
i t  d e s i r a b l e  because i t  is pos tu l a t ed  t h a t  when more information is  known about 
t he  i n l e t s  i n  t he  n e a r  f u t u r e  t he re  w i l l  b e  fewer types of i n l e t s  used. It i s  
the  convent ional  design l o g i c  t h a t  t h e  i n l e t  should be  designed t o  handle  a l l  1 
t h e  water  from t h e  g u t t e r  and pavement i t  covers .  Accordingly, t h i s  concept 1 
i s  adopted h e r e  and a  unique downstream condi t ion ,  such a s  c r i t i c a l  depth i f  I 
t h e  flow i s  s u b c r i t i c a l ,  i s  assumed f o r  6. 
Henc?, through dimensional a n a l y s i s ,  f o r  a  cons t an t  6 ,  I 
i n  which A = L (B + W cos+ ) i s  t h e  h o r i z o n t a l l y  p ro j ec t ed  a r ea  r ece iv ing  
g P  P  
I 
r a i n f a l l  i; Q = (iA + Q ) i s  t h e  corresponding maximum s teady  f low d ischarge ;  
s P  u  
J 
and g  i s  t h e  p r a v i t a t i o n a l  acce l e r a t i on .  
I 
The phys i ca l  meanings of t h e  terms i n  Eq. 14 a r e  a s  fo l lows .  To t h e  i 
l e f t  of t h e  e q u a l i t y  s i g n  is  t h e  r e l a t i v e  g u t t e r  d i scharge  a t  i t s  e x i t  measured. 
i 
i n  terms of t h e  r a i n f a l l  in f low r a t e  and t h e  pos s ib l e  maximum t o t a l  inf low r a t e ,  j 
r e s p e c t i v e l y .  To t h e  r i g h t  t h e  f i r s t  term i n d i c a t e s  t h e  t ime d i s t r i b u t i o n  of 
t h e  nondimensional hydrograph. The second term accounts f o r  t h e  e f f e c t  of t h e  
I 
s t r e e t  s l ope  on both t h e  g u t t e r  and pavement flows. The t h i r d  term i s  t h e  re-  ) 
l a t i v e  lenpth  05 t h e  g u t t e r ,  and a s  d i scussed  prev ious ly ,  only when t h e  g u t t e r  
I 
i s  r e l a t i v e l y  long t h a t  t h e  e f f e c t s  of t h e  v e l o c i t y ,  dep th ,  and p re s su re  d i s -  i 
t r i b u t i o n s  of t h e  g u t t e r  upstream inf low can be neglec ted .  The f o u r t h  re-  1 
I 
1 presen t s  t h e  t r a n s v e r s e  s lope  of t h e  g u t t e r ,  u sua l ly  ranging from 1 t o  10 de- 
grees  f o r  t r i a n g u l a r  c ros s  s e c t i o n s ;  and f o r  more gene ra l  cases  of non-tr iangular  
c ros s  s e c t i o n  i t  w i l l  be  replaced by t h e  terms r ep re sen t ing  t h e  c ross  s e c t i o n a l  
i 
shape  of t h e  g u t t e r .  The f i f t h  and s i x t h  terms a r e  t h e  r e l a t i v e  s u r f a c e  rough- 
n e s s e s  of t h e  g u t t e r  and pavement, r e s p e c t i v e l y .  The seven th  term i s  s imply t h e  
c r o s s  s l o p e  of t h e  pavement u s u a l l y  rang ing  from 1 / 8  t o  1 / 2  i n .  p e r  f t ,  i . e . ,  
1 t o  4  p e r c e n t ,  o r  approximately  0.6 t o  2 .4  degrees .  The e i g h t h  term r e p r e s e n t s  
t h e  r e l a t i v e  s i z e  of t h e  over land  s u r f a c e  and t h e  n i n t h  t h e  amount of r a i n f a l l ,  
and t h e s e  two terms t o g e t h e r  i s  an  i n d i c a t i o n  of t h e  r e l a t i v e  importance of t h e  
l a t e r a l  f low. The t e n t h  term i s  an  i n d i r e c t  measure of t h e  volume of t h e  up- 
s t r e a m  in f low i n t o  t h e  g u t t e r  r e l a t i v e  t o  t h e  volume of t h e  g u t t e r .  The 
e l e v e n t h  term i s  t h e  r e l a t i v e  d u r a t i o n  of g u t t e r  upstream i n f l o w  a s  compared t o  
t h a t  f o r  t h e  r a i n f a l l  and i s  an  i n d i c a t i o n  of t h e i r  r e l a t i v e  importance i n  de- 
t e rmin ing  t h e  runoff hydrograph. The tde l - f th  t e n  r e p r e s e n t s  t h e  e f f e c t  of 
~ r a v i t y  and t h e  l a s t  term r e p r e s e n t s  t h e  e f f e c t  of v i s c o s i t y ,  and t h e y  r e p l a c e  
r e s p e c t i v e l y  t h e  r e p r e s e n t a t i v e  Froude and Reynolds numbers of t h e  s u r f a c e  
runof f  . 
Because t h e  f low i s  unsteady and nonuniform, even f o r  a  g iven  i n f l o w ,  
i t  mav v a r y  between t u r b u l e n t  and laminar  and between s u b c r i t i c a l  and super-  
c r i t i c a l ,  depending on t h e  t ime and l o c a t i o n  . Consequently i t  is  d i f f i c u l t ,  
i f  n o t  i m ~ o s s i b l e ,  t o  d e f i n e  a  r e p r e s e n t a t i v e  Froude o r  Reynolds number f o r  t h e  
f low o v e r  t h e  e n t i r e  a r e a  and d u r a t i o n .  L ikewise ,  from t h e  f l u i d  mechanics 
v iewpoin t ,  t h e  r e l a t i v e  s u r f a c e  roughness shou ld  be  measured i n  terms of t h e  
h y d r a u l i c  r a d i u s  of t h e  f low i n s t e a d  of B because  i t  is  t h e  former r a t i o  to- 
g e t h e r  w i t h  t h e  Reynolds number, and t o  some degree  w i t h  t h e  Froude number, t h a t  
t h e  f low r e s i s t a n c e  is  determined.  Again,  because  t h e  h y d r a u l i c  r a d i u s  v a r i e s  
from t ime t o  t ime and from l o c a t i o n  t o  l o c a t i o n  f o r  an unsteady nonuniform f low,  
a  p h y s i c a l l y  s i g n i f i c a n t  h y d r a u l i c  r a d i u s  cannot  b e  found t o  be  used i n  t h e  
dimensional  a n a l y s i s .  
V-2. Mathemat ical  Modeling o f  Flow from Pavement and G u t t e r  i n t o  I n l e t  
The f a c t o r s  a f f e c t i n g  runof f  from g u t t e r s  i n t o  i n l e t s  have been d i s -  
cussed i n  t h e  p reced ing  s e c t i o n .  The mathemat ical  e x p r e s s i o n s  d e s c r i b i n g  t h e  
f low have been p r e s e n t e d  i n  Chapter  I11 and t h e  methods of s o l u t i o n  i n  t h e  pre-  
ceding c h a p t e r .  The S t .  Venant e q u a t i o n s  a r e  modi f i ed  t o  i n c l u d e  t h e  l a t e r a l  
f low and expressed  i n  terms o f  d i s c h a r g e  a s  
Equat ions  15 .ad 1 6 ,  nondimensional ized by us ing  t h e  g u t t e r  wid th  B and 
r a i n f a l l  d u r a t i o n  ti, a r e  f i r s t  a p p l i e d  t o  g u t t e r  f low w i t h  c o n s t a n t  s t e a d y  
l a t e r a l  d i s c h a r g e  from t h e  pavement. The f i r s t  o r d e r  method of c h a r a c t e r i s -  
t i c s  is adopted f o r  t h e  numerical  s o l u t i o n s .  The e f f e c t s  of t h e  g u t t e r  s l o p e ,  
upstream g u t t e r  i n f l o w ,  and l a t e r a l  f low a r e  s t u d i e d .  D e t a i l s  of t h i s  phase  
of s t u d y  can b e  found i n  Akan's (1973) t h e s i s .  
The i n v e s t i g a t i o n  i s  t h e n  extended t o  i n c l u d e  unsteady pavement 
f lows.  S t r i c t l y  from a t h e o r e t i c a l  v iewpoin t ,  i t  i s  more i n t e r e s t i n g  and 
a c c u r a t e  t o  apply  t h e  S t .  Venant e q u a t i o n s  t o  t h e  pavement f low as w e l l .  
However, t h i s  approach would r e q u i r e  a scheme t o  account  f o r  t h e  e v e r  
changing i n t e r n a l  boundary between t h e  g u t t e r  and pavement f lows  and hence 
n e c e s s i t a t e s  a t r i a l - a n d - e r r o r  computat ional  scheme r e q u i r i n g  l a r g e  amount 
of computat ions .  C o n t r a r i l y ,  t h e  n o n l i n e a r  k inemat i  c-wave model would 
r e q u i r e  no  downstream boundary c o n d i t i o n  f o r  t h e  pavement f low whether  i t  
i s  s u b c r i t i c a l  o r  s u p e r c r i t i c a l  and hence only  s imple  computations a r e  
needed, p a r t i c u l a r l y  i f  t h e  pavement c o n d i t i o n s  a r e  i d e n t i c a l  a long  t h e  
s t r e e t ,  a l though  t h e  r e s u l t s  a r e  unders tandab ly  l e s s  a c c u r a t e .  None the less ,  
i t  i s  c o n s i d e r a b l y  more r e l i a b l e  than  t h e  r e s u l t s  of l i n e a r  kinematic-wave 
models such a s  t h e  Manning formula  o r  t h e  I z z a r d  o r  Horton methods. 
Because of i t s  sha l low d e p t h ,  pavement f low r e s i s t a n c e  a r e  s u b j e c t  
t o  much g r e a t e r  i n f l u e n c e  of t h e  r a i n f a l l  than t h e  g u t t e r  f low. I n  view of 
t h e  c o n s i d e r a b l e  s a v i n g s  i n  computa t iona l  t ime and c o s t  f o r  t h e  n o n l i n e a r  
kinematic-wave model and t h e  l a c k  of a c c u r a t e  i n f o r m a t i o n  on unsteady f low 
r e s i s t a n c e  under  r a i n f a l l ,  i t  i s  j u d g e t  t h a t  from a  p r a c t i c a l  v iewpoin t  t h e  
accuracy gained by u s i n g  t h e  S t .  Venant e q u a t i o n s  f o r  t h e  pavement f low does 
n o t  o f f s e t  t h e i r  d i sadvan tages  a t  t h i s  s t a g e  of r e s e a r c h ,  and hence t h e  non- 
l i n e a r  kinematic-wave model i s  adopted a s  t h e  mathemat ical  s i m u l a t i o n  f o r  
t h e  pavement f lows .  
The n u n e r i c a l  a n a l y s i s  h a s  been performed by u s i n g  t h e  nondimension- 
a 1  S t .  Venant e q u a t i o n s  f o r  t h e  g u t t e r  f lows and nondimensional ized n o n l i n e a r  
kinematic-wave e q u a t i o n s  f o r  t h e  pavement f lows .  The nondimensional pa ramete rs  
cons idered  a r e  ~ u i d e d  by E q .  14 .  The Flow c o n d i t i o n s  ana lyzed  a r e  summarized 
i n  Tab le  6  and they cover  a  s u f f i c i e n t  r ange  of t h e  f i e l d  c o n d i t i o n s .  The 
r e s u l t s  of t h e  a n a l y s i s  a r e  p r e s e n t e d  i n  nondimensional forms f o r  g e n e r a l  u s e s .  
The runoff  hydrographs  a t  t h e  e x i t  s e c t i o n  of t h e  g u t t e r  a r e  shown i n  F i g s .  10 
3 2 t o  16 f o r  t h e  pa ramete rs  S k / ~ ,  W /B ,  (2 t . / B  , tu/t i ,  t i i / B ,  and B/gti .  The 
0 ' P pu 1 
v a r i a t i o n s  of t h e  r e l a t i v e  peak d i s c h a r g e  from t h e  g u t t e r ,  Q / Q s ,  which i s  of 
0 P 
p r a c t i c a l  importance from a  d e s i g n  v iewpoin t ,  a r e  shown i n  F i g s .  17 t o  20. The 
hydrographs  f o r  t h e  parameter  k  / R  a r e  n o t  p r e s e n t e d  because  t h e  e f f e c t  of t h i s  
P  
parameter  i s  r e l a t i v e l y  s m a l l  a s  can b e  s e e n  from F i g .  1 8  and T a b l e  6.  
P P 
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V-3. Eva lua t ion  of F r i c t i o n  Slope 
I n  t h e  momentum e q u a t i o n  (Eq. 1 o r  15)  t h e  magnitude o f  t h e  f r i c t i o n  
s l o p e  term is  u s u a l l y  l a r g e r  t h a n  any o f  t h e  o t h e r  t e rms ,  e x c e p t  t h e  t e rm 
c o n t a i n i n g  S . There fore ,  t h e  method adopted t o  determine t h e  v a l u e  o f  Sf i s  
0 
p a r t i c u l a r l y  impor tan t .  Inasmuch a s  t h e  e f f e c t s  of u n s t e a d i n e s s  and nonuni- 
f o r m i t y  on t h e  f r i c t i o n a l  r e s i s t a n c e  a r e  n o t  y e t  known q u a n t i t a t i v e l y ,  one h a s  
t o  r e l y  on t h e  s t e a d y  uniform f low formulas  such a s  t h e  Manning, Chezy, o r  
Darcy-Weisbach formulas  t o  approximate t h e  v a l u e  of S f  ' 
The f r i c t i o n  s l o p e  can be  expressed  i n  t h e  form o f  t h e  Darcy- 
Weisbach formula  a s  
i n  which f  is  t h e  f r i c t i o n a l  r e s i s t a n c e  c o e f f i c i e n t .  Following t h e  sugges- f  
t i o n  by Chen and Chow (1968) ,  K a r e l i o t i s  and Chow (1971) proposed t o  approxi-  
mate f f  by t h e  Weisbach r e s i s t a n c e  c o e f f i c i e n t  f  g iven  i n  t h e  w e l l  known Moody 
diagram f o r  s t e a d y  uniform flow. Thus, f o r  laminar  f low,  
where C i s  a  c o n s t a n t  and t h e  Reynolds number IR = V R/v .  For s h e e t  f low f  1 
under r a i n f a l l ,  t h e  v a l u e  of Cf depends on t h e  r a i n f a l l  i n t e n s i t y  a s  shown 
i n  Fig .  2 .  For t u r b u l e n t  f low over  h y d r a u l i c a l l y  smooth s u r f a c e ,  f  i s  g iven  
by t h e  B l a s i u s  formula  
and f o r  f u l l y  developed t u r b u l e n t  f low over  h y d r a u l i c a l l y  rough s u r f a c e ,  
i n  which k i s  a l e n g t h  measure of t h e  s u r f a c e  roughness.  
A c t u a l l y ,  a s  can be s e e n  from t h e  Moody diagram, t h e r e  i s  a con t in -  
uous t r a n s i t i o n  between t h e  l aminar  f low r e g i o n  (Eq. 18)  and t h e  h y d r a u l i c a l l y  
smooth t u r b u l e n t  f low r e g i o n  (Eq. 19)  ; and a g a i n  between t h e  l a t t e r  (Eq. 1 9 )  
and t h e  f u l l y  developed t u r b u l e n t  f low r e g i o n  (Eq. 20) .  Fur thermore,  t h e  
5 B l a s i u s  formula  (Eq. 19) i s  v a l i d  on ly  f o r  Reynolds number s m a l l e r  than  4 x 10 . 
5 For t u r b u l e n t  f low over  h y d r a u l i c a l l y  smooth boundary w i t h  IR > 4 x 10 , t h e  
Karman-Prandtl e q u a t i o n  1 
- = 2 l o g R  J?+ 0.404 (21) 
fi 
a p p l i e s .  N e v e r t h e l e s s ,  h y d r a u l i c a l l y  smooth boundary t u r b u l e n t  f low r a r e l y  
occurs  i n  sewers  and on s u r f a c e  r u n o f f s  because  of t h e  roughness of t h e  bounda- 
r i e s .  I n c l u s i o n  of t h e  t r a n s i t i o n s  and Eq. 2 1  i n  t h e  s to rm runof f  a n a l y s i s  
would make t h e  computations and programming leng thy  and i n e f f i c i e n t .  T h e r e f o r e ,  
f o r  the  s a k e  of s i m p l i c i t y  w i t h o u t  s i g n i f i c a n t  e f f e c t  on accuracy ,  they  a r e  n o t  
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FIG. 21. EVALUATION OF WEISBACH FRICTION COEFFICIENT 
cons idered  i n  t h i s  s t u d y  . A s  by K a r e l i o t i s  and Chow (1971). t h e  r e s i s t a n c e  
c o e f f i c i e n t  i s  approximate  by us ing  Eqs. 1 8 ,  19 ,  and 20 as  i l l u s t r a t e d  i n  Fig .  21. 
I n  s o l v i n g  t h e  S t .  Venant e q u a t i o n s  t h e  Reynolds number of t h e  f low 
a t  t h e  c r o s s  s e c t i o n  cons idered  i s  computed and t h e n  compared w i t h  t h e  v a l u e s  
of t h e  r e f e r e n c e  t h r e s h o l d  Reynolds numbers t o  determine t h e  p roper  r e s i s t a n c e  
c o e f f i c i e n t  e q u a t i o n  t h a t  shou ld  b e  used.  The r e f e r e n c e  Reynolds number, IR1 ' 
between Eqs. 1 8  and 20 f o r  l a r g e  s u r f a c e  roughness can b e  o b t a i n e d  by s o l v i n g  
t h e s e  two e q u a t i o n s  s imul taneous ly .  Thus, 
R1 = Cf (2 l o g  y + 1.74)  2 
Likewise,  between Eqs. 18 and 1 9 ,  
and between Eqs. 19 and 20, 
2 R R = 0.633 ( l o g  k +  0.87) 8 3 
Note t h a t  R 4  i n  F ig .  2 1  i s  a s p e c i a l  c a s e  of R and hence Eq. 22 a p p l i e s .  1 
The c r i t i c a l  v a l u e  of k/K t o  determine which e q u a t i o n s  shou ld  be  
used can b e  found by e q u a t i n g  Eqs. 22 and 23 t o  y i e l d  
For k/R > ( k / ~ ) ~ ,  i f  t h e  Reynolds number of t h e  f low R < R Eq. 18 i s  used 1' 
t o  g ive  t h e  v a l u e  of f ;  o t h e r w i s e ,  i f  IR > IR1, Eq. 20 a p p l i e s .  For  k / ~  < (k/R)c,  
t h r e e  c a s e s  exis t . :  I f  R < R 2 ,  Eq. 1 8  a p p l i e s .  I f  IR < R < R3,  Eq. 19 g i v e s  2 
t h e  v a l u e  of f  . I f  R > R3,  Eq. 20 a p p l i e s .  
V-4. Discuss ion  of R e s u l t s  
For t h e  s a k e  of comparison of t h e  computed r e s u l t s  a  r e f e r e n c e  common 
c o n d i t i o n  is  chosen and l i s t e d  a s  t h e  f i r s t  one i n  Table  6. For t h e  r e f e r e n c e  
flow c o n d i t i o n  t h e  s ine -curve  shape g u t t e r  upstream i n f l o w  hydrograph i s  s o  
chosen t h a t  i t s  peak d i s c h a r g e  Q i s  e q u a l  t o  one-half of t h e  d i s c h a r g e  f o r  
P  u  
a  s t e a d y  uniform c r i t i c a l  f low i n  t h e  g u t t e r  which i s  f lowing  j u s t  f u l l  w i t h  
t h e  w a t e r  s u r f a c e  wid th  e q u a l  t o  B. The d u r a t i o n  o f  t h e  g u t t e r  i n f l o w  hydro- 
graph,  t , is  chosen e q u a l  t o  1.57 t imes t h e  d u r a t i o n  of r a i n f a l l ,  t and t h e  
u i ' 
r a i n f a l l  i n t e n s i t y  i i s  e q u a l  t o  Q / A  s o  t h a t  t h e  t o t a l  volume of t h e  g u t t e r  
Pu 
upstream i n f l o w  i s  e q u a l  t o  t h e  t o t a l  volume of t h e  l a t e r a l  i n f l o w  which i n  
t u r n  is e q u a l  t o  t h e  volume of r a i n f a l l .  
I n  F igs .  1 0  t o  20 t h e  v a l u e s  of t h e  nondimensional  pa ramete rs ,  ex'cept 
t h e  one b e i n g  cons idered ,  a r e  t h e  same a s  t h o s e  f o r  t h e  r e f e r e n c e  c o n d i t i o n  
g iven  i n  Table 6 .  For t h e  r e s u l t s  shown t h e  v a l u e s  of t h e  pa ramete rs  L  / B  = 50, 
g  
2 $ = 0.048 r a d  (approximately  2.7O o r  5 % ) ,  and B / v t i  = 9090. Of c o u r s e ,  e f f e c t s  
of t h e s e  t h r e e  pa ramete rs  can a l s o  b e  e v a l u a t e d  numer ica l ly  i f  d e s i r e d .  However, 
a s  d i s c u s s e d  p r e v i o u s l y ,  t h e  e f f e c t  of L  / B  i s  i n d i r e c t  a s  long as i t  i s  n o t  
g 
too  s m a l l  s o  t h a t  t h e  upstream in f low behaves l i k e  a s o u r c e .  The v a l u e  of $ 
2 i s  a r b i t r a r y  chosen. As t o  B / v t i ,  t h i s  parameter  a c t u a l l y  r e p r e s e n t s  t h e  
e f f e c t  of v i s c o s i t y .  I n  f i e l d  c o n d i t i o n s  of unsteady flow on pavement and i n  
g u t t e r s ,  p a r t i c u l a r l y  when under r a i n f a l l ,  t u r b u l e n c e  e f f e c t  i s  dominant i n  
de te rmin ing  t h e  runoff  hydrographs .  Laminar f lows occur  on ly  a t  t h e  ve ry  be- 
g i n n i n g  and n e a r  t h e  end of runof f  when t h e  v e l o c i t y  is  slow and t h e  depth  i s  
L 
s m a l l .  Consequently f o r  f i e l d  c o n d i t i o n s  t h e  e f f e c t  of B / v t  i s  i n s i g n i f i c a n t  i 
and hence n o t  p r e s e n t e d  herewi th .  A l t e r n a t i v e l y ,  by c r o s s  m u l t i p l y i n g  t h e  las t  
2  2  2  2  two terms i n  Eq. 1 4 ,  e i t h e r  B / v t .  o r  B lgt: can b e  r e p l a c e d  by v  / g ~  which 
1 
i n d i c a t e s  t h e  r e l a t i v e  importance of v i s c o u s  e f f e c t  as compared t o  t h e  g r a v i t y  
e f f e c t .  
Because t h e  non l i nea r  kinematic-wave approximation i s  used i n  
e v a l u a t i n g  t h e  pavement f low,  understandab l j r  some of  t h e  c a l c u l a t e d  r e s u l t s  
do n o t  f a l l  e x a c t l y  on a smooth l i n e  as  one would hope. For such ca se s  t h e  
computed p o i n t s  a r e  p l o t t e d  as i n  F igs .  1 7 ,  19 ,  and 20 t o  i l l u s t r a t e  t h e  
d e v i a t i o n s .  However, i t  i s  be l i eved  t h a t  from a p r a c t i c a l  v iewpoint  t h e s e  
dev i a t i ons  a r e  n o t  s i g n i f i c a n t  and t h e  computed r e s u l t s  a r e  perhaps  a t  p r e s e n t  
t he  most r e l i a b l e  va lue s  a v a i l a b l e .  P a r t i c u l a r l y  , t h e  method p r e sen t ed  i n  
t h i s  chap t e r  i s  a  cons ide r ab l e  improvement from t h e  Manning o r  Chezy formulas  
and t h e  I z z a r d  and Horton methods commonly used i n  e s t i m a t i n g  pavement and 
g u t t e r  f lows.  
From t h e  computed r e s u l t s  a s  shown i n  F igs .  10 t o  20, i t  can be  
seen t h a t  t h e  e f f e c t  of flow uns tead iness  i s  q u i t e  impor tan t .  Should a  s teady-  
flow approach be  adopted as i n  common p r a c t i c e ,  t h e  de s ign  d i s cha rge  would b e  
Qs = Q + i A .  A s  shown by t h e  computed va lues  of Q /Qs (Figs .  17 t o  20) ,  PU OP 
t h e  peak d i s cha rge  from t h e  g u t t e r  i s  always sma l l e r  t han  Q and s i g n i f  i- 
s , 
c a n t l y ,  t h e  r educ t i on  i s  more f o r  s m a l l e r  r e l a t i v e  g u t t e r  upstream inf low.  
I n  o t h e r  words, presumably t h e  runoff  c o e f f i c i e n t  i n  t h e  r a t i o n a l  formula 
commonly used should  account  f o r ,  among o t h e r  t h i n g s ,  t h e  e f f e c t  of deten- 
t i o n  s t o r a g e  on t h e  s u r f a c e .  I n  eng inee r i ng  p r a c t i c e ,  t h e  runoff  c o e f f i c i e n t  
i s  s e l e c t e d  independent  of t h e  i n t e n s i t y  and du ra t i on  of t h e  r a i n f a l l ,  whereas 
t h e  computed r e s u l t s  show t h e  con t ra ry .  
However, as shown i n  Fig.  20, t h e  e f f e c t s  of r a i n f a l l  du r a t i on  and 
i n t e n s i t y  on t h e  r e l a t i v e  g u t t e r  peak outf low Q /Q a r e  n o t  a s  dominant a s  OP s 
those  by S , k / ~ ,  W / B ,  and tu/ti. Obviously,  w i th  i n c r e a s i n g  s t r e e t  s l o p e ,  
0 P 
So, t h e  s u r f a c e  d e t e n t i o n  s t o r a g e  decreases  and t h e  v a l u e  of Q op/Qs i n c r e a s e s ,  
and t h e  runof f  hydrograph becomes s t e e p e r  and wi th  a  s h o r t e r  runoff  t ime ,  a s  
shown i n  Fig .  10. I n c r e a s e  i n  s u r f a c e  roughness of t h e  g u t t e r  r e t a r d s  t h e  
flow and consequent ly  reduces Q /Qs as shown i n  F ig s .  11 and 17. However, OP 
a s  t h e  va lue  of k/B i n c r e a s e s ,  i t s  a f f e c t  on changing t h e  g u t t e r  f low d e c r e a s e s .  
The e f f e c t  of W / B  on Q / Q  i s  somewhat similar t o  t h a t  of k/B i n  t h a t  in -  
P  OP s 
c r e a s i n g  W / B  r e s u l t s  i n  d e c r e a s i n g  Q /Qs a t  a  d e c r e a s i n g  r a t e  a s  shown i n  
P OP 
F i g s .  12 and 18.  
I d e a l l y ,  an i n l e t  shou ld  b e  des igned t o  r e c e i v e  a l l  t h e  w a t e r  from 
t h e  g u t t e r .  However, f o r  v a r i o u s  reasons  some w a t e r  may p a s s  by o r  s p i l l  
o v e r  t h e  i n l e t  w i t h o u t  b e i n g  i n t e r c e p t e d .  For such a  c a s e  t h e  downstream 
c o n d i t i o n  of t h e  g u t t e r  f low depends on t h e  h y d r a u l i c  c h a r a c t e r i s t i c s  of t h e  
i n l e t  which need t o  b e  determined e x p e r i m e n t a l l y  o r  t h e o r e t i c a l l y .  An approxi-  
mate p r a c t i c a l  means t o  a n a l y z e  t h e  p a r t i a l  i n t e r c e p t e d  flow by u s i n g  s teady-  
f low e x p e r i m e n t a l  r e s u l t s  f o r  i n l e t s  h a s  been d e s c r i b e d  i n  Akan's t h e s i s  
(1973). I n  a d d i t i o n ,  an e n g i n e e r i n g  d e s i g n  example h a s  a l s o  been p r e s e n t e d  
by Akan and i s  o m i t t e d  h e r e .  
V I .  FLOW I N  SEWER NETWORKS 
V I - 1 .  Sewer Network S imula t ion  
The s u r f a c e  runoff  c o l l e c t e d  by t h e  i n l e t  c a t ch  b a s i n s  is  d e l i v e r e d  
through t h e  sewer network f o r  d i s p o s a l  i n t o  channels ,  s t r e ams ,  l a k e s ,  ponds,  
r e s e r v o i r s ,  t r e a tmen t  p l a n t s ,  oceans,  o r  o t h e r  n a t u r a l  o r  a r t i f i c i a l  wa t e r  
bod ies  o r  dev ices .  A s  d i s cus sed  p r ev ious ly ,  i n  most f i e l d  c a s e s ,  f low i n  
s to rm sewers  i s  open-channel flow. Consequently,  t h e  S t .  Venant equa t ions  
(Eqs. 1 and 2 )  can b e  app l i ed  t o  t h e  flow i n  sewers.  I n  a d d i t i o n ,  t he  flow 
is  a l s o  c o n t r o l l e d  by t h e  c o m p a t i b i l i t y  cond i t i ons  a t  t h e  j u n c t i o n s  of t h e  
sewers .  
Most of t h e  s to rm sewer networks a r e  t r e e  type  systems a s  shown i n  
Fig.  22. Because of t h e  backwater e f f e c t s  of t h e  j u n c t i o n s ,  t h e  problem of 
sewer flow becomes extremely complicated.  A t  p r e s e n t  n e i t h e r  t he  conf igura-  
t i o n  of a  sewer network no r  i t s  flow cond i t i ons  can be p r e sen t ed  a c c u r a t e l y  
i n  d e t a i l  i n  a s i n g l e  mathemat ical  s imu la t i on  model because of t h e  l i m i t a t i o n s  
i n  a c c e s s i b l e  computer so f twa re  i n  handl ing  a r b i t r a r y  network t opo log i e s ,  
requirements  of e x c e s s i v e  computat ional  e f f o r t  f o r  t h e  s o l u t i o n ,  and in- 
adequate  in format ion  on c e r t a i n  necessa ry  i n p u t  parameters  such a s  t h e  
f r i c t i o n a l  r e s i s t a n c e  of t h e  sewers and energy l o s s  i n  t h e  j unc t i ons .  On 
t h e  o t h e r  hand, convent iona l  approaches f o r  sewer de s ign  o r  f low p r e d i c t i o n  
by cons ider ing  each sewer as an  i n d i v i d u a l  and independent u n i t  of s t e ady  
uniform flow have been found inadequa te  and u n s a t i s f a c t o r y .  The mathe- 
m a t i c a l  model proposed i n  t h i s  s t udy ,  t he  I l l i n o i s  Storm Sewer System 
Simula t ion  Model (ISS Model) i s  developed w i th  t h e  i n t e n t i o n  t o  b e  an 
accu ra t e  p r a c t i c a l  t o o l  f o r  eng ineer ing  a p p l i c a t i o n s .  
B r i e f l y ,  t h e  ISS Model u t i l i z e s  t he  S t .  Venant equa t i ons  t o  
de sc r i be  mathemat ical ly  t h e  f low i n  sewers  t oge the r  w i t h  t h e  compa t ib i l i t y  
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condi t ions  a t  the  j unc t i ons  which i nc lude  t he  c o n t i n u i t y  of wate r  s u r f a c e  a t  
t he  j unc t i on  and t h e  conserva t ion  of mass 
i n  which Qi i s  the  flow i n t o  t he  j unc t i on  from t h e  i - t h  sewer and S  i s  t h e  
s t o r a g e  i n  t he  junc t ion .  The backwater e f f e c t s  a r e  accounted f o r  through an 
over lapping  segment scheme which i s  e s s e n t i a l l y  a  s i ng l e - s  t ep  i t e r a t i o n  p roces s .  
VI-2. Assumptions on Physiography of Network Components 
An urban s torm sewer system may c o n s i s t  of a  l a r g e  number of sewers ,  
j unc t i ons ,  manholes and i n l e t s ,  p l u s  o t h e r  r e g u l a t i n g  o r  o p e r a t i o n a l  dev ices  
such a s  g a t e s ,  va lve s ,  w e i r s ,  overf lows,  r e g u l a t o r s ,  and pumping s t a t i o n s .  
Some of t h e s e  dev ices  such a s  we i r s  and pumps prov ide  flow c o n t r o l s  d i v i d i n g  
h y d r a u l i c a l l y  a  complex system i n t o  a  number of subsystems i n t e r r e l a t e d  by 
t he  hydrographs a t  the  c o n t r o l s .  Each of t he se  subsystems can be app l i ed  
i n d i v i d u a l l y  t o  t h e  proposed ISS Model and then i n t e g r a t e d  t oge the r  fo l lowing  
an app rop r i a t e  sequence provided the  h y d r a u l i c  c h a r a c t e r i s t i c s  of t h e  c o n t r o l s  
a r e  known. For t he  sake  of s i m p l i c i t y ,  t h e s e  s p e c i a l  dev ices  a r e  incorpora ted  
only i n d i r e c t l y  i n t o  t he  mathematical  s imu la t i on  model f o r  a  s p e c i f i c  sewer 
system by known func t i ons  r ep re sen t i ng  t h e i r  h y d r a u l i c  c h a r a c t e r i s t i c s .  I n  
a d d i t i o n ,  i n  the-development of t h e  ISS Model, t h e  fo l lowing  assumptions a r e  
made regard ing  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of sewers and junc t ions :  
a) The sewers a r e  c i r c u l a r  i n  c ro s s  s e c t i o n .  
b )  The d iameter ,  s l o p e ,  and s u r f a c e  roughness of each sewer remain 
cons tan t  along i t s  e n t i r e  l eng th .  
c )  The in f low of storm water  i n t o  the  sewer system occurs only at  
d i s c r e t e  noda l  p o i n t s ,  v i z . ,  i n l e t s ,  j unc t i ons ,  and manholes. 
d)  Manholes and j u n c t i o n  boxes a r e  open t o  a tmospher ic  p r e s s u r e .  A t  
b o t h  t h e  manholes and j u n c t i o n s ,  i n v e r t  l i n e s  of t h e  upstream 
incoming sewers  a r e  a t  t h e  same o r  h i g h e r  e l e v a t i o n  than t h a t  of 
t h e  downstream ou t f lowing  sewer.  
e )  There a r e  no more t h a n  t h r e e  sewers  j o i n i n g  t o g e t h e r  a t  a  j u n c t i o n  
o r  manhole. 
The f i r s t  assumption is  n o t  t o o  r e s t r i c t i v e  because  most s t o r m  sewers 
a r e  c o n s t r u c t e d  by s t a n d a r d  c o n c r e t e ,  c l a y ,  i r o n ,  o r  s teel  p i p e s .  Only when 
s t a n d a r d  p i p e  i s  n o t  a v a i l a b l e ,  o r  when t h e  s i z e  i s  ex t remely  l a r g e ,  o r  
f o r  o t h e r  reasons  t h a t  cas t - in -p lace  r e i n f o r c e d  c o n c r e t e  sewers  w i t h  h o r s e s h o e ,  
t r a p e z o i d a l ,  r e c t a n g u l a r ,  o r  o t h e r  shapes  o f  c r o s s  s e c t i o n  a r e  employed (ASCE, 
1969) .  Moreover, even i f  sewers w i t h  horseshoe  o r  o t h e r  c r o s s - s e c t i o n a l  shapes  
a r e  used,  they can b e  approximated by r e p r e s e n t a t i v e  c i r c u l a r  c o n d u i t s  w i t h o u t  
s i g n i f i c a n t  l o s s  i n  accuracy ,  a s  i t  h a s  been shown by H a r r i s  (1970b) ; o r  a l t e r -  
n a t i v e l y ,  t h e i r  c r o s s - s e c t i o n a l  c h a r a c t e r i s t i c s  can b e  i n c o r p o r a t e d  i n t o  t h e  
Model w i t h  minor m o d i f i c a t i o n s .  
The second and t h i r d  assumptions  a r e  l i k e w i s e  n o t  t o o  c r i t i c a l .  
Whenever a  s i g n i f i c a n t  change i n  t h e  g e o m e t r i c a l  f e a t u r e s  o r  an i n f l o w  along 
t h e  course  o f  a sewer o c c u r s ,  i t  can be  t r e a t e d  a s  an h y p o t h e t i c a l  j u n c t i o n  
p o i n t  i n  t h e  mathemat ical  model. 
Assumption (d) e s s e n t i a l l y  r e s t r i c t s  t h e  a p p l i c a t i o n  o f  t h e  Model 
t o  those  networks which do n o t  i n c l u d e  a  l i f t  o r  a pumping s t a t i o n .  However, 
i f  i t  i s  assumed t h a t  t h e  f low c o n d i t i o n s  i n  t h e  sewers  a r e  n o t  s u b j e c t  t o  
d i r e c t  backwater  e f f e c t s  of pumping, then t h e  pumping s t a t i o n  can be t r e a t e d  
a s  a  drop j u n c t i o n  box and t h e  model can s t i l l  be a p p l i e d .  I n  f a c t ,  a s  
d i s c u s s e d  e a r l i e r ,  such a  pumping s t a t i o n  w i t h  i t s  h y d r a u l i c  c h a r a c t e r i s t i c s  
known may p r o v i d e  a  handy l o c a t i o n  t o  d i v i d e  t h e  sys tem i n t o  subsystems on 
each of which t h e  Model can be  a p p l i e d  s e p a r a t e l y .  
Assumption ( e )  i s  n o t  a s  r e s t r i c t i v e  a s  i t  appears .  A d d i t i o n a l  
sewers a r e  a l lowed t o  j o i n  a s  long a s  t h e y  do n o t  impose s i g n i f i c a n t  back- 
w a t e r  e f f e c t s .  I n  o t h e r  words,  they behave l i k e  p o i n t  s o u r c e s  (Eq. 26 ) .  
I n  r e a l i t y ,  f o r  a  j u n c t i o n  o r  manhole w i t h  f o u r  o r  more j o i n i n g  sewers ,  t h e  
sewer i n v e r t  e l e v a t i o n s  and o t h e r  geometry c o n s i d e r a t i o n s  o f t e n  make i t  
p o s s i b l e  t o  i d e n t i f y  t h e  sewers w i t h  i n s i g n i f i c a n t  backwater  e f f e c t s  from 
t h e  j u n c t i o n  and o t h e r  sewers .  
It shou ld  b e  no ted  h e r e  t h a t  a l though  most of t h e  sewer  systems 
a r e  t r e e  t y p e  i n  p a t t e r n ,  on r a r e  o c c a s i o n s  t h e y  may form closed- loop networks.  
However, t h e  m a t r i x - l i k e  s t r u c t u r e s  used f o r  d i g i t a l  manipu la t ion  of such 
looped networks a r e  i n v a r i a b l y  v e r y  s p a r s e  (Harley e t  a l ,  1970), and they  a r e  
i n e f f i c i e n t  i n  view of computation when a p p l i e d  t o  t h e  t r e e  t y p e  sys tems.  
Hence, t h e  c losed- loop networks a r e  n o t  i n c o r p o r a t e d  i n t o  t h e  ISS Model. 
Fur thermore,  many of such  c losed- loop networks a r e  a c t u a l l y  formed by sewer 
branches  j o i n i n g  t h e  main o r  i n t e r c e p t i n g  sewers through overf lows o r  drops  
and t h e r e  a r e  no d i r e c t  mutual  backwater e f f e c t s  between t h e  branches  and 
t h e  mains. As d e s c r i b e d  i n  t h e  p reced ing  paragraph ,  t h e  ISS Model p e r m i t s  
i n f l o w s  o r  ou t f lows  d i r e c t l y  a t  t h e  j u n c t i o n s  i n  a d d i t i o n  t o  t h e  f lows from 
t h e  j o i n i n g  branches  a s  long a s  t h e r e  i s  no need f o r  backwater  c o n s i d e r a t i o n  
f o r  t h e s e  d i r e c t  f lows.  
VI-3. Assumptions on Flow Condi t ions  
(A) I n i t i a l  Condi t ions .  
I n  s o l v i n g  t h e  S t .  Venant e q u a t i o n s  n u m e r i c a l l y ,  i t  i s  n e c e s s a r y  
t o  know a l l  t h e  depths  and v e l o c i t i e s  a long t h e  sewer network a t  a  g iven  
i n i t i a l  time. For  combined sewers ,  t h e s e  i n i t i a l  d e p t h s  and v e l o c i t i e s  can 
b e  e s t i m a t e d  from dry-weather f low c o n d i t i o n s .  For  s t o r m  sewers ,  g e n e r a l l y  
t h e  on ly  known i n i t i a l  c o n d i t i o n  i s  t h a t  of z e r o  depth  and v e l o c i t y  throughout  
t h e  network.  Th is  dry-bed i n i t i a l  c o n d i t i o n ,  however, c o n s t i t u t e s  a  s i n g u l a r i t y  
and t h e  n u m e r i c a l  methods f a i l  t o  advance t h e  s o l u t i o n  t o  t h e  n e x t  immediate 
t ime l e v e l .  Thus,  i t  i s  assumed h e r e i n  t h a t  i n i t i a l l y  a  c o n s t a n t  b a s e  f low,  
no m a t t e r  how s m a l l  and n e g l i g i b l e  from p r a c t i c a l  v iewpoin t ,  occurs  a long  
each sewer  i n  t h e  network.  
I t  shou ld  be mentioned h e r e  t h a t ,  w h i l e  t h e  manner t h e  i n i t i a l  
c o n d i t i o n s  s p e c i f i e d  has  a  s i g n i f i c a n t  e f f e c t  on t h e  s o l u t i o n  of o v e r l a n d  
flow problems,  i t  i s  n o t  of  a  major  concern  i n  t h e  s o l u t i o n  of t r a n s i e n t  f low 
problems i n  r i v e r s  o r  sewer  sys tems (Gunaratnam and P e r k i n s ,  1970) .  I n  t h e  
l a t t e r  c a s e s  a s  t h e  s o l u t i o n  advances i n  t ime t h e  e f f e c t  of t h e  i n i t i a l  
c o n d i t i o n s  d imin i shes  and t h e  s o l u t i o n  becomes t o  t a l l y  con t r o l l e d  by t h e  
boundary c o n d i t i o n s  a f t e r  a  s h o r t  t ime p e r i o d ,  inasmuch a s  t h e  magnitude of  
t h e  i n i t i a l  b a s e  f low i s  s m a l l  a s  compared t o  t h a t  of t h e  f l o o d  flow (Yevjevich 
and Barnes ,  1970).  
( B )  Flow Condi t ions  a t  J u n c t i o n s .  
The use  of one-dimensional  f low e q u a t i o n s  of c o n s e r v a t i o n  of mass,  
energy and momentum i s  a d m i t t e d l y  a  s i m p l i f i e d  r e p r e s e n t a t i o n  of  t h e  f low 
p r o c e s s e s  a t  a s to rm sewer j u n c t i o n ,  which i n v o l v e s  r a p i d  changes i n  d e p t h ,  
d i r e c t i o n  of f low,  and v e l o c i t y  and p r e s s u r e  d i s t r i b u t i o n s .  N e v e r t h e l e s s ,  
even such a  s i m p l i f i e d  one-dimensional  f o r m u l a t i o n  of  t h e  problem i s  ex t remely  
compl ica ted .  Use of  t h e  momentum e q u a t i o n  i s  i m p r a c t i c a l  because  of  t h e  
d i f f i c u l t i e s  invo lved  i n  e v a l u a t i n g  t h e  p r e s s u r e  and f r i c t i o n  f o r c e s  a c t i n g  
on t h e  boundar ies  of  t h e  j u n c t i o n .  I n  u s i n g  t h e  energy e q u a t i o n ,  l o s s  a t  t h e  
j u n c t i o n  i s  t o  be  known f o r  t h e  f low c o n d i t i o n s  and j u n c t i o n  geometry,  e x p e r i -  
m e n t a l l y  o r  o t h e r w i s e .  U n f o r t u n a t e l . ~ ,  e x i s t i n g  knowledge on t h e  energy l o s s e s  
is  a g a i n  i n a d e q u a t e .  
From a  mathemat ica l  v iewpoin t ,  o m i t t i n g  t h e  momentum e q u a t i o n  reduces  
t h e  number of c o m p a t i b i l i t y  c o n d i t i o n s  by one ,  and hence i t  r e q u i r e s  a d d i t i o n a l  
assumpt ions  on t h e  boundary c o n d i t i o n s .  For example,  a t  a  Y-junct ion w i t h  
s u b c r i t i c a l  f low i n  a l l  of i t s  t h r e e  j o i n i n g  sewers ,  t h e  c o n t i n u i t y  and energy 
c o m p a t i b i l i  t y  c o n d i t i o n s  a l o n e  cannot  p rov ide  t h e  n e c e s s a r y  t h r e e  boundary 
c o n d i t i o n s ,  one f o r  each of t h e  t h r e e  sewers .  I n  view of  t h i s  d i f f i c u l t y ,  
some approximat ions  have been made i n  t h i s  s t u d y .  Two types  of j u n c t i o n s ,  
depending on whether  t h e  j u n c t i o n  has  a s t o r a g e  c a p a c i t y  o r  n o t ,  a r e  cons idered .  
a )  Point-Type J u n c t i o n  
For t h e  po in t - type  j u n c t i o n  t h e  j u n c t i o n  box i s  assumed t o  b e  r e p r e -  
s e n t e d  by a  s i n g l e  conf luence  p o i n t  (more p r e c i s e l y ,  a s e c t i o n )  w i t h o u t  s t o r a g e  
c a p a c i t y .  The n e t  d i s c h a r g e  i n t o  t h e  j u n c t i o n  is  t h e r e f o r e  z e r o  a t  a l l  t imes .  
Hence, from Eq.  26, 
i n  which t h e  s u b s c r i p t s  1, 2  and 3  i d e n t i f y  t h e  j o i n i n g  sewers a t  t h e  j u n c t i o n  
(Fig .  2 3 ) ;  and Q .  r e p r e s e n t s  t h e  d i r e c t  t empora l ly  v a r i a b l e  w a t e r  i n f l o w  i n t o ,  
J 
o r  t h e  pumpage o r  l eakage  o u t  from t h e  j u n c t i o n  box, i f  any. 
For  sub c r i t i c a l  f low i n  t h e  i n f l o w i n g  sewers ,  t h e  f low d i s c h a r g e s  
f r e e l y  i n t o  t h e  j u n c t i o n  on ly  when a f r e e - f a l l  e x i s t s  over  a nonsubmerged drop 
a t  t h e  end of t h e  sewer.  Otherwise t h e  s u b c r i t i c a l  f low i n  t h e  in f lowing  
sewer is  s u b j e c t  t o  backwater  e f f e c t  from t h e  j u n c t i o n .  S i n c e  t h e  j u n c t i o n  is  
cons idered  as a p o i n t ,  t h e  energy c o m p a t i b i l i t y  c o n d i t i o n  can b e  r e p r e s e n t e d  by 
a common w a t e r  s u r f a c e  a t  t h e  j u n c t i o n  f o r  a l l  t h e  j o i n i n g  sewers (Dronkers, 
1964, 1969) .  Thus, by r e f e r r i n g  t o  Fig .  23, 
Yi + zi = Y3 o t h e r w i s e  
Backwa te r  i n  Sewers 1  &2 
- - 0 - - - - - - - - 0  
Backwater  i n  Sewer 1  
----- I - - -  
- O3 
No backwa te r  i n  Sewers 1  o r  2 
z1 ' 
Y 
J u n c t i o n  d imens ions  p r o v i d e  
no s t o r a g e  f o r  f l o w .  
F I G .  23. S C H E M A T I C  O F  P O I N T - T Y P E  J U N C T I O N  
i n  which y  is  t h e  c r i t i c a l  dep th  corresponding t o  t h e  i n s t a n t a n e o u s  f low i c  
r a t e  Q  and Z i s  t h e  h e i g h t  of t h e  drop o f  t h e  in f lowing  sewers ,  i = 1 o r  i ' i 
2.  Flow i n  t h e  outf low sewer may b e  e i t h e r  s u b c r i t i c a l  o r  s u p e r c r i t i c a l .  I n  
t h e  l a t t e r  c a s e  y  i n  Eqs. 2 8  and 29 i s  e q u a l  t o  t h e  c r i t i c a l  f low depth  3  , Y3cy 
cor responding  t o  t h e  i n s t a n t a n e o u s  flow r a t e  Q  3' 
Flow i n  t h e  i n f l o w  sewers can a l s o  b e  s u p e r c r i t i c a l  d i s c h a r g i n g  
f r e e l y  i n t o  t h e  j u n c t i o n ,  p rov ided  t h e  flow a t  t h e  downstream end of t h e  sewer 
is  n o t  submerged by t h e  backwater i n  t h e  j u n c t i o n .  I n  t h i s  s t u d y ,  when super-  
c r i t i c a l  f low occurs  i n  Sewers 1 o r  2  o r  b o t h ,  i t  i s  assumed t o  d i s c h a r g e  
f r e e l y  i n t o  t h e  j u n c t i o n  t o  avoid  c o n s i d e r i n g  moving h y d r a u l i c  jumps i n  t h e  
sewers .  Thus, t h e  d i s c h a r g e  can b e  computed w i t h o u t  c o n s i d e r i n g  t h e  f low 
c o n d i t i o n  i n  t h e  j u n c t i o n ,  i. e .  , w i t h o u t  s p e c i f i e d  downstream c o n d i t i o n .  
Subsequent ly ,  t h e  d i s c h a r g e  i n  t h e  ou t f lowing  Sewer 3 can b e  computed by 
u s i n g  Eq. 2 7  w i t h o u t  i t e r a t i o n .  
For a  three-way j u n c t i o n  t h e r e  a r e  18 d i f f e r e n t  p o s s i b l e  combina- 
t i o n s  of f low c o n d i t i o n s  depending on whether  t h e  f lows i n  t h e  j o i n i n g  sewers  
are s u b c r i t i c a l ,  c r i t i c a l ,  o r  s u p e r c r i t i c a l .  D i f f e r e n t  s e t s  of n o n l i n e a r  
s imul taneous  e q u a t i o n s  a r e  inc luded  i n  t h e  ISS Model t o  h a n d l e  t h e s e  flow 
combinations i n  t h e  computations.  
Although three-way j u n c t i o n s  a r e  most common i n  sewer networks ,  
t h e r e  a l s o  e x i s t  two-way j u n c t i o n s  a t  l o c a t i o n s  where a d i r e c t  i n f l o w  o r  a 
s i g n i f i c a n t  change i n  dimension,  s l o p e ,  o r  h o r i z o n t a l  a1ignmen.t occurs  a long  
t h e  course  of a  sewer.  These two-way j u n c t i o n s  can b e  cons idered  as a s p e c i a l  
case  of t h e  three-way j u n c t i o n s  by l e t t i n g  Sewers 1 and 3  r e p r e s e n t  t h e  i n -  
f lowing and ou t f lowing  sewers ,  r e s p e c t i v e l y .  consequen t ly ,  Eq. 2 7  w i t h  Q 2 =  0 
and Eqs. 2 8  and 29 can a g a i n  b e  used. S u p e r c r i t i c a l  f low i n  Sewer 1 is  once 
more assumed t o  b e  f r e e  from backwater e f f e c t s  of t h e  j u n c t i o n .  
b )  Reservoir-Type J u n c t i o n  
The r e s e r v o i r - t y p e  j u n c t i o n  box h a s  a  r e l a t i v e l y  l a r g e  s t o r a g e  ca- 
p a c i t y  i n  comparison t o  t h e  f low. Consequent ly ,  i t  can b e  assumed t o  behave 
l i k e  a  r e s e r v o i r  w i t h  a  h o r i z o n t a l  w a t e r  s u r f a c e  and c a p a b l e  t o  absorb and 
d i s s i p a t e  a l l  t h e  k i n e t i c  energy of t h e  i n f  lows. The n e t  d i s c h a r g e  i n t o  t h e  
j u n c t i o n  i s  e q u a l  t o  t h e  t ime r a t e  of change of s t o r a g e  i n  t h e  j u n c t i o n .  
T h e r e f o r e ,  f o r  a  three-way j u n c t i o n  (F ig .  2 4 ) ,  
dS dh Q 1 + Q 2 + Q j  - Q  = = A  - 3  d t  j d t  
i n  which A .  i s  t h e  c o n s t a n t  h o r i z o n t a l  c r o s s - s e c t i o n a l  a r e a  of t h e  j u n c t i o n  
J 
box and t h e  depth  of w a t e r  h  i n  t h e  j u n c t i o n  i s  assumed e q u a l  t o  t h e  s p e c i f i c  
energy of  t h e  flow a t  t h e  e n t r a n c e  of t h e  ou t f lowing  sewer ,  i . e . ,  
S i n c e  t h e  k i n e t i c  energy of t h e  i n f l o w s  is  assumed l o s t  a t  t h e  
j u n c t i o n ,  f o r  t h e  three-way j u n c t i o n  shown i n  F ig .  24,  f o r  s u b c r i t i c a l  flow 
i n  t h e  i n f l o w  sewers  w i t h  i = 1 and 2 ,  
- 
Y i  Y i c  o t h e r w i s e  (33) 
I f  t h e  f low i n  t h e  ou t f low Sewer 3  is s u p e r c r i t i c a l ,  c r i t i c a l  f low c o n d i t i o n  
e x i s t s  a t  i t s  e n t r a n c e  and hence h  i n  Eq. 32 shou ld  b e  r e p l a c e d  by t h e  mini-  
mum s p e c i f i c  energy cor respond ing  t o  t h e  i n s t a n t a n e o u s  f low r a t e  Q 3' 
As i t  h a s  been d i s c u s s e d  i n  t h e  p o i n t  j u n c t i o n ,  s u p e r c r i t i c a l  f lows 
i n  Sewers 1 and 2  a r e  assumed t o  b e  d i s c h a r g i n g  f r e e l y  i n t o  t h e  r e s e r v o i r .  

Thus f o r  such  c a s e s  t h e  in f lows  Q and Q2 from t h e s e  sewers  a r e  computed 1 
w i t h o u t  c o n s i d e r i n g  t h e  e x i s t i n g  f low c o n d i t i o n s  i n  t h e  j u n c t i o n  o r  Sewer 3. 
The 1 8  d i f f e r e n t  f low combinat ions  which have been d e s c r i b e d  i n  t h e  
three-way p o i n t  j u n c t i o n  can a l s o  b e  observed i n  a  three-way r e s e r v o i r  
j u n c t i o n .  Again, b o t h  of t h e  i n f l o w i n g  s e w e r s ,  o r  e i t h e r  one,  o r  n e i t h e r  of 
them may b e  s u b j e c t e d  t o  backwater  e f f e c t s ,  and one,  two, o r  a l l  t h r e e  of 
t h e s e  c o n d i t i o n s  may b e  observed dur ing  t h e  passage  of t h e  f l o o d  waves through 
a  p a r t i c u l a r  j  unc t ion  (F ig .  24) .  
Like t h e  two-way po in t - type  j u n c t i o n ,  a two-way r e s e r v o i r  j u n c t i o n  
can b e  t r e a t e d  a s  a  s p e c i a l  case  of a  three-way j u n c t i o n  w i t h  t h e  j o i n i n g  
Sewers 1 and 3 ,  and Eq. 30 w i t h  Q2 = 0 t o g e t h e r  w i t h  Eqs. 32 and 33 can b e  
used a s  t h e  c o m p a t i b i l i t y  c o n d i t i o n s  . S u p e r c r i t i c a l  f low i n  t h e  i n f  lowing 
Sewer 1 i s  a g a i n  assumed t o  b e  f r e e  from backwater  e f f e c t s  from t h e  r e s e r v o i r  
j u n c t i o n .  A two-way r e s e r v o i r  j u n c t i o n ,  b e s i d e s  r e p r e s e n t i n g  an a c t u a l  
s t o r a g e  e lement  w i t h  o r  w i t h o u t  a  d i r e c t  i n f l o w  o r  ou t f low ( i . e . ,  Q j ) ,  may 
approximate ly  r e p r e s e n t  a  c o n c e n t r a t e d  energy l o s s  a long  t h e  course  of a  
sewer .  
( C )  E v a l u a t i o n  of  F r i c t i o n  R e s i s t a n c e .  
As d i s c u s s e d  i n  Sec.  V-3, t h e  Darcy-Weisbach r e s i s t a n c e  formula  
(Eq. 17)  i s  adopted i n  t h i s  s t u d y  t o  e v a l u a t e  t h e  f r i c t i o n  s l o p e  S  The f '  
r e s i s t a n c e  c o e f f i c i e n t  f  i s  approximated by Eqs. 1 8 ,  1 9 ,  and 20 which s t r i c t l y  f  
speak ing  a r e  v a l i d  on ly  f o r  s t e a d y  uniform f lows .  I n  r e a l i t y ,  l aminar  f low 
r a r e l y  o c c u r s  i n  s t o r m  sewers .  T h e r e f o r e ,  f o r  t h e  s a k e  of s i m p l i c i t y  i n  
programming and computation w i t h o u t  s i g n i f i c a n t  e f f e c t  on t h e  accuracy ,  o n l y  
t h e  B l a s i u s  (Eq. 1 9 )  and t h e  Karman-Prandtl (Eq. 20) e q u a t i o n s  a r e  u t i l i z e d  
i n  t h e  ISS Model. 
The t h r e s h o l d  Reynolds number, IR3, which s e p a r a t e s  t h e  h y d r a u l i -  
c a l l y  smooth and rough r e g i o n s  i s  determined by Eq. 24. I n  t h e  computa t iona l  
p r o c e s s ,  a t  each c r o s s  s e c t i o n  t h e  v a l u e s  of t h e  Reynolds number of t h e  f low 
SR i s  compared w i t h l R  I f  t h e  former i s  g r e a t e r ,  Eq. 20 i s  used t o  g i v e  f .  3  ' 
Otherwise ,  Eq. 19 i s  used. 
(D)  Surges and Hydrau l ic  Jumps. 
Surges and h y d r a u l i c  jumps a r e  r a p i d l y  v a r y i n g  flows f o r  which t h e  
f low p r o f i l e s  change a b r u p t l y .  The former i s  d e f i n e d  h e r e i n  a s  a  s t e e p - f r o n t  
p r o p a g a t i n g  wave which u s u a l l y  o r i g i n a t e  from t h e  upstream of  a  sewer a s  a  
r e s u l t  of sudden r a p i d  i n c r e a s e  i n  i n f l o w  and p ropaga tes  downstream. The 
fo rmat ion  of a  s u r g e  i s  mathemat ica l ly  c h a r a c t e r i z e d  by t h e  c r o s s i n g  of t h e  
forward c h a r a c t e r i s t i c s  which emanate from t h e  upst ream boundary a t  d i f f e r e n t  
i n s t a n t s .  A h y d r a u l i c  jump which i s  a  r a p i d  change from s u p e r c r i t i c a l  t o  
s u b c r i t i c a l  f low o f t e n  o r i g i n a t e s  a t  t h e  downstream p a r t  of t h e  sewer a s  a  
r e s u l t  o f  backwater  e f f e c t s  and then p ropaga tes  accord ing  t o  t h e  i n s t a n t a -  
neous flow c o n d i t i o n s .  S t r i c t l y  speak ing ,  t h e  S t .  Venant e q u a t i o n s ,  b e i n g  
v a l i d  on ly  f o r  g r a d u a l l y  v a r i e d  unsteady f lows ,  a r e  n o t  a p p l i c a b l e  i n  t h e  
v i c i n i t y  of t h e  r a p i d l y  v a r y i n g  flows of t h e  s u r g e  f r o n t  and h y d r a u l i c  jump . 
(Yen, 1971, 1973) ,  a l though  i n  p r a c t i c e  they  a r e  commonly used as  an approxi-  
mation.  
The use of a  r e c t a n g u l a r  computat ional  g r i d  and l i n e a r  s p a t i a l  
i n t e r p o l a t i o n s  i n  t h e  f i r s t - o r d e r  c h a r a c t e r i s t i c  scheme p r e c l u d e s  t h e  p o s s i -  
b i l i t y  of fo rmat ion  of a  s t e e p - f r o n t  s u r g e  (Zovne, 1970) .  Tha t  i s ,  t h e  
c r o s s i n g  of t h e  forward c h a r a c t e r i s t i c s  is n o t  al lowed by t h e  s o l u t i o n  
t echn ique  a l though  t h e  boundary c o n d i t i o n s  may i n d i c a t e  t h a t  such a  c r o s s i n g  
is l i k e l y  t o  occur .  I n s t e a d ,  t h e  s o l u t i o n  approximates t h e  s u r g e  by a con- 
t inuous  smooth b u t  r a p i d l y  v a r y i n g  p r o f i l e  i n  t h e  v i c i n i t y  of t h e  s u r g e  which 
may b e  adequa te  f o r  most e n g i n e e r i n g  purposes .  A s  s t a t e d  by Zovne (1970),  
t h e  p r o f i l e  behind t h e  s u r g e  g r a d u a l l y  a t t a i n s  t h e  maximum a n t i c i p a t e d  depth  
which i s  o f t e n  of pr imary i n t e r e s t  t o  t h e  eng ineer .  I t  shou ld  b e  mentioned, 
however, t h a t  i f  t h e  s u r g e  t a k e s  t h e  form of a  moving h y d r a u l i c  d rop ,  i. e .  , 
t r a n s i t i o n  from s u b c r i t i c a l  t o  s u p e r c r i t : i c a l  f low,  some computat ional  
problems may b e  encounte red .  
The fo rmat ion  and e x i s t e n c e  of h y d r a u l i c  jumps shou ld  n o t  b e  ex- 
c luded i n  a  mathemat ical  s i m u l a t i o n  model u n l e s s  t h e  s u p e r c r i t i c a l  f low i n  a  
sewer i s  assumed t o  b e  f r e e  from t h e  backwater  e f f e c t  of t h e  j u n c t i o n  a t  i t s  
downstream end. This  assumption,  u n f o r t u n a t e l y ,  i s  n e c e s s a r y  i n  t h i s  s t u d y ,  
because  i n  an i n t e r c o n n e c t e d  system of channe l s  i t  is  extremely d i f f i c u l t  t o  
keep t r a c k  of t h e  moving h y d r a u l i c  jumps i n  t h e  numer ica l  computat ions ,  p a r t i -  
c u l a r l y  i n  view of t h e i r  p o s s i b l e  e v e n t u a l  mutual  i n t e r a c t i o n  a t  t h e  j u n c t i o n s .  
Fur thermore,  i n  t h e  mathemat ical  model a  h y d r a u l i c  jump must b e  t r e a t e d  a s  an 
i n t e r n a l  boundary where t h e  Rankine-Hogoniot shock c o n d i t i o n s  (Gunaratnam 
and P e r k i n s ,  1970) ho ld .  T h i s ,  however, l e a d s  t o  an i t e r a t i v e  s o l u t i o n ,  
(Zovne, 1970) and r e q u i r e s  i n o r d i n a t e l y  l a r g e  amounts of computer t ime. 
F u r t h e r  s t u d i e s  on moving h y d r a u l i c  jumps and s u r g e s  a r e  most d e s i r a b l e  f o r  
f u t u r e  improvement of t h e  ISS Model. 
VI-4. Method of Overlapping Segments 
For a  t r e e - t y p e  network c o n s i s t i n g  of N sewers ,  the  S t .  Venant 
e q u a t i o n s  t o g e t h e r  wi th  two i n i t i a l  and two boundary c o n d i t i o n s  f o r  each of 
t h e  sewers  r e p r e s e n t  N d i s t i n c t  p r o p a g a t i o n  problems. Numerical s o l u t i o n  
f o r  each of t h e s e  p ropaga t ion  problems a long  t h e  i n d i v i d u a l  sewers  can b e  
o b t a i n e d  w i t h  t h e  s e l e c t e d  f i r s  t -o rder  c h a r a c t e r i s  t i c  scheme d i s c u s s e d  i n  
Chapter  I V .  The numer ica l  s o l u t i o n  must b e  advanced over  a l l  t h e  sewers  
w i t h i n  t h e  network because  t h e  p ropaga t ion  problems over  t h e  ad j o i n i n g  
sewers  a r e  i n  most of t h e  c a s e s  l i n k e d  by common boundary c o n d i t i o n s  a t  
t h e i r  j u n c t i o n s .  However, i t  i s  i m p r a c t i c a l  t o  o b t a i n  s o l u t i o n s  f o r  a l l  
t h e  sewers  s imul taneous ly  (Sevuk, 19 73).  Theref o r e ,  an approximate  i t e r a -  
t i o n  method of over lapp ing  segments is  adopted f o r  s o l u t i o n s .  I n  t h i s  
method t h e  network i s  cons idered  t o  b e  formed by a  number of over lapp ing  Y- 
segments.  Each o f  t h e s e  segments covers  one j u n c t i o n  t o  which two o r  t h r e e  
sewers a r e  j o i n e d .  S t a r t i n g  from t h e  upstream i n l e t s  and fo l lowing  an appro- 
p r i a t e  sequence,  t h e s e  Y-segments a r e  s o l v e d  one a t  a  t ime ,  a s  shown schemat i -  
c a l l y  i n  F ig .  25, and t h e  s o l u t i o n s  a r e  then combined t o g e t h e r  t o  f i n d  t h e  
s o l u t i o n  o v e r  t h e  e n t i r e  network: 
a )  The s o l u t i o n s  a r e  f i z e t  o b t a i n e d  over  those  Y-segments whose inf low- 
i n g  sewers  a r e  connected t o  t h e  i n l e t  c a t c h  b a s i n s .  The p r e s c r i b e d  
i n f l o w  hydrographs  a t  t h e  i n l e t s  g iven b y ,  say  from t h e  method pro- 
posed i n  Chapter V ,  t h e  c o m p a t i b i l i t y  c o n d i t i o n s  a t  t h e  j u n c t i o n ,  
and t h e  known f low c o n d i t i o n  a t  t h e  downstream end of t h e  segment 
( o r  a l t e r n a t i v e l y ,  i f  t h e  downstream c o n d i t i o n  i s  unknown, t h e  
forward d i f f e r e n c e s  a s  a  s u b s t i t u t e )  a r e  used a s  t h e  boundary condi- 
t i o n s .  For i n s t a n c e ,  f o r  t h e  network shown i n  Fig .  25a,  t h e  s o l u -  
t i o n s  a r e  f i r s t  ob ta ined  over  t h e  t h r e e  Y-segments shown i n  F ig .  25b. 
b)  The use  of forward d i f f e r e n c e s  a s  a  s u b s t i t u t e  f o r  t h e  unknown down- 
s t r e a m  boundary c o n d i t i o n  which accounts  f o r  t h e  backwater e f f e c t  
a t  t h e  downstream end of a  Y-segment is  assumed t o  a f f e c t  on ly  t h e  
s o l u t i o n s  o b t a i n e d  o v e r  t h e  ou t f lowing  sewer of t h e  segment. A f t e r  
t h e  computation f o r  t h e  Y-segment i s  completed, t h i s  f i r s t  approxi-  
mation s o l u t i o n  f o r  t h e  ou t f lowing  sewer i s  d i s c a r d e d ,  b u t  t h e  " t r u e "  
s o l u t i o n s  f o r  t h e  in f lowing  sewers of t h e  segment a r e  r e t a i n e d .  The 
i n f l o w  hydrographs i n t o  t h e  j u n c t i o n  of t h e  c u r r e n t  Y-segments can 
then be  o b t a i n e d .  For i n s t a n c e ,  t h e  s o l u t i o n s  f o r  t h e  i n f l o w i n g  
Sewers 1 through 5  of t h e  t h r e e  Y-segments shown i n  F ig .  25b a r e  
r e t a i n e d ,  and hence t h e  in f low hydrographs t o  t h e  j u n c t i o n s  upst ream 
of t h e  sewers 6 ,  7 and 9 a r e  ob ta ined .  
a .  Comolete  s o l u t i o n  domain h .  S o l u t i o n  doma i i~s  f o r  f i r s t -  
o r d e r  s ewer s  (1 t h r o u g $  5 )  
c .  Reduced s o l u t i o n  domaii? 
e. F i n a l  s o l u t i o n  domaii? f o r  
t h e  s e w e r s  9, 9 ,  and 10 
d. S o l u t i o n  domain f o r  s econd -  
o r d e r  s e w e r s  ( 6 and 7 )  
F I G .  25.  S C H E M A T I C  O F  S O L U T I O N  BY METHOD O F  O V E R L A P P I N G  SEGMENTS 
c)  The i n f l o w i n g  sewers  of t h e  c u r r e n t  Y-segments a r e  trimmed i n  t h e  
computat ions .  The j u n c t i o n  o f  t h e  c u r r e n t  Y-segments a r e  t h e n  
t r e a t e d  a s  t h e  i n l e t s  of t h e  advanced segments of t h e  pruned network.  
The numer ica l  s o l u t i o n  s t e p s  ( a )  and (b)  j u s t  d e s c r i b e d  a r e  t h e n  
a p p l i e d  t o  t h e  new segments.  This  procedure  i s  r e p e a t e d  i n  sequence 
o v e r  t h e  network u n t i l  i t  is  reduced t o  t h e  l a s t  Y-segment a t  t h e  
o u t l e t  of t h e  network a s  shown i n  Fig .  25e. 
d)  For t h e  l a s t  segment,  t h e  p r e s c r i b e d  boundary c o n d i t i o n  a t  i t s  down- 
s t r e a m  end ( o u t l e t  of t h e  network) i s  used,  and t h u s  t h e  numer ica l  
s o l u t i o n  over  t h e  e n t i r e  network i s  completed. 
S o l u t i o n  by t h e  method of over lapp ing  segments accounts  f o r  t h e  
backwater  e f f e c t  on ly  f o r  t h e  immediate a d j a c e n t  sewers  and cannot  r e f l e c t  
t h e  backwater  e f f e c t  t o  sewers f a r t h e r  upst ream i f  such  a  c o n d i t i o n  occurs .  
However, by c o n s i d e r i n g  t h e  l e n g t h  t o  d iamete r  r a t i o  of s to rm sewers ,  t h e  
e f f e c t  of backwater  beyond t h e  immediate a d j a c e n t  sewers  appears  t o  b e  in -  
s i g n i f i c a n t  and hence i t  does n o t  impose s i g n i f i c a n t  e r r o r  i n  t h e  proposed 
mathemat ical  r o u t i n g  model. 
The method r e q u i r e s  computation t o  b e  performed twice  o v e r  a l l  
t h e  i n t e r i o r  sewers  of a network.  Conversely ,  i t  p e r m i t s  t h e  u s e  of 
g r e a t e r  t ime s t e p s  i n  advancing t h e  s o l u t i o n s  because  t h e  maximum a l l o w a b l e  
t ime s t e p  over  a  p a r t i c u l a r  segment is  n o t  c o n s t r a i n e d  by t h a t  of any o t h e r  
segment. This  l a t t e r  c a p a b i l i t y  more than  o f f s e t s  t h e  r e q u i r e d  e x t r a  computa- 
t i o n s  f o r  t h e  i n t e r i o r  sewers ,  and makes t h e  method more e f f i c i e n t  a s  compared 
t o  t h e  method of s imul taneous  s o l u t i o n s .  
E f f i c i e n c y  of t h e  method is  p a r t i c u l a r l y  pronounced i n  app ly ing  t h e  
model f o r  d e s i g n  of sewer networks ,  f o r  i t  e n a b l e s  t h e  f o r m u l a t i o n  of an 
a l g o r i t h m  by which t h e  a p p r o p r i a t e  sewer s i z e s  can b e  computed w i t h  a  minimum 
number of r e p e a t e d  r o u t i n g s ,  a s  w i l l  b e  d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n .  
VI-5. P rocedure  f o r  Design o f  Sewer S i z e  
Depending on t h e  c o n s t r a i n t s  imposed,  t h e r e  a r e  t h r e e  p o s s i b l e  ap- 
p roaches  f o r  t h e  d e s i g n  o f  a  s t o r m  sewer sys tem w i t h  s p e c i f i e d  d e s i g n  i n f l o w s :  
a )  S e l e c t  a  l a y o u t ,  s e l e c t  t h e  s l o p e s  and de te rmine  t h e  s i z e s  of  t h e  
sewers .  
b )  S e l e c t  a  l a y o u t ,  and f i n d  t h e  optimum s l o p e s  and d i a m e t e r s  o f  t h e  
sewers which w i l l  e n s u r e  t h e  minimum c o s t  o r  s a t i s f y  o t h e r  o b j e c t i v e  
f u n c t i o n s  f o r  t h e  s e l e c t e d  l a y o u t .  
c )  F ind t h e  optimum l a y o u t  and t h e  optimum s l o p e s  and d i a m e t e r s  o f  t h e  
sewers which w i l l  e n s u r e  t h e  minimum c o s t  o r  s a t i s f y  o t h e r  o b j e c t i v e  
f u n c t i o n s .  
With t h e  p r e s e n t  computer c a p a b i l i t i e s  and e x i s t i n g  o p t i m i z a t i o n  
a l g o r i t h m s ,  implementa t ion  o f  t h e  second and t h i r d  d e s i g n  p r o c e d u r e s  does  n o t  
appea r  t o  b e  f e a s i b l e ,  s o  l o n g  a s  t h e  h y d r a u l i c s  o f  t h e  sys tem i s  s i m u l a t e d  
by u s i n g  t h e  S t .  Venant e q u a t i o n s .  T h e r e f o r e ,  i n  t h i s  s t u d y  t h e  f i r s t  d e s i g n  
approach i s  adop ted  and i s  c a r r i e d  o u t  a s  f o l l o w s :  
>r; 
a )  The d i a m e t e r s  of  t h e  f i r s t - o r d e r  sewers which emanate from i n l e t  
c a t c h  b a s i n s  ( e . g . ,  Sewers 1 through 5  i n  t h e  network shown i n  F ig .  
25a) a r e  i n i t i a l l y  e s t i m a t e d  by u s i n g  t h e  Darcy-Weisbach e q u a t i o n  
f o r  s t e a d y  f u l l  p i p e  f low 
i n  which D i s  t h e  d i a m e t e r ,  i s  t h e  peak d i s c h a r g e  of t h e  p re -  QP 
s c r i b e d  d e s i g n  i n f l o w  hydrograph a t  t h e  ups t ream end o f  t h e  sewer ,  
S  i s  t h e  bot tom s l o p e  of t h e  sewer ,  and f  i s  t h e  Weisbach r e s i s -  
0 
t a n c e  c o e f f i c i e n t ,  de te rmined  a s  d e s c r i b e d  i n  Sec .  V I - 3 .  
-L 
The sewer  o r d e r i n g  adopted i n  t h i s  s t u d y  is t h e  same a s  t h a t  proposed by 
S t r a h l e r  f o r  s t r e a m s .  
b )  With t h e  d iamete r  of a  sewer computed from Eq. 34, t h e  maximum dep th  
a t  t h e  upstream end of t h e  sewer would b e  approximately  0.8D due t o  
t h e  s p e c i f i c  n a t u r e  of t h e  r a t i n g  curve f o r  c i r c u l a r  p i p e s  i f  t h e  
f low were s t e a d y  and uniform. However, t h e  u n s t e a d i n e s s  and non- 
u n i f o r m i t y  of t h e  f low u s u a l l y  cause  a  f u r t h e r  r e d u c t i o n  of t h e  maxi- 
mum depth  o f  t h e  f low. There fore ,  t h e  d iamete r  computed by u s i n g  
Eq.  34 i s  r e p l a c e d  by t h e  n e a r e s t  s m a l l e r  commercially a v a i l a b l e  p i p e  
d i a m e t e r  r a t h e r  than a  l a r g e r  one. 
c )  The d e s i g n  i n f l o w  hydrographs  a t  t h e  i n l e t s  a r e  r o u t e d  through t h e  
f i r s t - o r d e r  sewers  us ing  l i n e a r  kinematic-wave approximat ion by 
assuming a  c o n s t a n t  p ropaga t ion  v e l o c i t y  e q u a l  t o  t h a t  f o r  t h e  h a l f -  
f u l l ,  s t e a d y ,  uniform flow. Thus, t h e  peak i n f l o w s  e n t e r i n g  i n t o  t h e  
j u n c t i o n  a t  t h e  downstream end of t h e  f i r s t - o r d e r  sewers  a r e  computed, 
and from t h e  sum of t h e s e  i n f l o w s  e s t i m a t e  of t h e  peak i n f l o w  i n t o  t h e  
ou t f lowing  sewer from t h e  j u n c t i o n  i s  o b t a i n e d .  
d)  Using t h i s  e s t i m a t e d  peak i n f l o w  f o r  t h e  o u t f l o w i n g  sewer from t h e  
j u n c t i o n ,  a f i r s t  approximat ion f o r  i t s  d iamete r  can be  c a l c u l a t e d  
by u s i n g  Eq. 34. 
e )  The Y-segment w i t h  i t s  sewer s i z e s  s o  determined i s  now ready  f o r  
r o u t i n g  o f  t h e  known i n f l o w  hydrographs.  
f )  The numer ica l  s o l u t i o n  of t h e  S t .  Venant e q u a t i o n s  i s  o b t a i n e d  f o r  
t h e  Y-segment w i t h  t h e  known downstream boundary c o n d i t i o n ,  o r  w i t h  
t h e  forward d i f f e r e n c e s  a s  a s u b s t i t u t e  i f  t h e  downstream boundary 
c o n d i t i o n  i s  unknown. I f  t h e  maximum dep th  o f  f low i n  t h e  sewers  
of t h e  Y-segment does n o t  f a l l  w i t h i n  t h e  range between 0.8D and D ,  
t h e  n e x t  l a r g e r  o r  s m a l l e r  commercially a v a i l a b l e  p i p e  d iamete r  i s  
s e l e c t e d ,  and t h e  numer ica l  s o l u t i o n  i n  t h i s  s t e p  i s  r e p e a t e d .  I f  
t h e  maximum f low depth  cannot b e  r e s t r i c t e d  w i t h i n  0.8D t o  D because  
of t h e  d i s c r e t e  s i z e s  of t h e  commerc ia l ly  a v a i l a b l e  p i p e s ,  t h e n  t h e  
a v a i l a b l e  commercial  s i z e  which g i v e s  a d e p t h  n e a r e s t  b u t  s m a l l e r  
t h a n  0.8D i s  u s e d .  
g )  S t e p s  ( a )  t o  ( f )  a r e  r e p e a t e d  f o r  a l l  o t h e r  u p s t r e a m  segments  ( e . g . ,  t h e  
t h r e e  Y-segments shown i n  F i g .  25b) .  
h )  With t h e  sewer  d i a m e t e r s  and j u n c t i o n  i n f l o w  hydrographs  computed 
f o r  a l l  t h e  ups t r eam Y-segments, t h e  method o f  o v e r l a p p i n g  segmen t s  
i s  a p p l i e d .  The i n f l o w  s e w e r s  of t h e  u p s t r e a m  Y-segments a r e  trimmed. 
The j u n c t i o n s  of  t h e s e  segments  a r e  t r e a t e d  a s  t h e  i n l e t s  of t h e  
p runed  ne twork .  The o u t f l o w i n g  s e w e r s  o f  t h e  p r e v i o u s  u p s t r e a m  
segments  f o r  which t h e  d i a m e t e r  h a s  been  computed a p p r o x i m a t e l y  i n  
S t e p  ( f )  become t h e  i n f l o w i n g  s e w e r s  of t h e  new Y-segment. The o u t f l o w  
hydrographs  from t h e  j u n c t i o n s  of t h e  p r e v i o u s  Y-segments become t h e  
i n f l o w  hydrographs  f o r  t h e  new segment .  
i )  S t e p s  ( d )  t o  ( h )  a r e  r e p e a t e d  u n t i l  t h e  d i a m e t e r s  of  a l l  t h e  s e w e r s  
e x c e p t  t h e  l a s t  one  a r e  computed. 
j )  The ne twork  i s  now reduced t o  t h e  l a s t  Y-segment a s  shown i n  F i g .  25e.  
The d i a m e t e r s  of  t h e  s e w e r s  i n  t h i s  l a s t  segment can  t h e n  b e ' d e t e r -  
mined by e x a c t l y  t h e  same p r o c e d u r e ,  S t e p s  (d )  t o  ( f ) ,  e x c e p t  t h a t  i n  
S t e p  ( f )  t h e  downstream boundary  c o n d i t i o n  is known. 
The c o m p u t a t i o n a l  d e t a i l s  o f  t h e  ISS Model have  been  p r e s e n t e d  else- 
where  (Sevuk,  1 9 7 3 ) .  A summary f l o w  c h a r t  of t h e  c o m p u t a t i o n a l  l o g i c  i s  shown 
i n  F i g .  26.  The computer  program i s  w r i t t e n  i n  P L / ~  l a n g u a g e ,  c o n s i s t i n g  o f  
a b o u t  3000 s t a t e m e n t s  and i t  u s e s  a p p r o x i m a t e l y  220K segment  of  t h e  memory of  
t h e  I B M  360175 s y s t e m  a t  t h e  U n i v e r s i t y  o f  I l l i n o i s  a t  Urbana-Champaign. The 
computer  s y s t e m  s p e c i f i c  i n s t r u c t i o n s  of  t h e  program a r e  k e p t  t o  a  minimum, 
and hence  t h e  program can b e  e x e c u t e d  w i t h  minor  m o d i f i c a t i o n s  on any o t h e r  
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F I G .  26. SUMMARY FLOW CHART O F  COMPUTER PROGRAM FOR I S S  MODEL 
l a r g e  computer sys tem hav ing  d i s k  f a c i l i t i e s .  A u s e r ' s  manual f o r  t h e  ISS 
Model h a s  been p repared  f o r  e a s y  adop t ion  i n  e n g i n e e r i n g  p r a c t i c e s  (Sevuk 
e t  a l ,  1973) .  
V I I .  AF'PLICATION OF ISS MODEL TO EXAMPLE SEWER SYSTEM 
V I I - 1 .  D e s c r i p t i o n  of Example Sewer Sys tern 
The r e l i a b i l i t y  of a  mathemat ical  s i m u l a t i o n  model t o  a  p h y s i c a l  phenom- 
enon can be  a s s e s s e d ,  i n  an a b s o l u t e  s e n s e ,  only through e x p e r i m e n t a l  v e r i f i c a -  
t i o n .  I n  t h i s  s t u d y  such a  v e r i f i c a t i o n  i s  n o t  p o s s i b l e  a t  p r e s e n t  due t o  l a c k  
of f i e l d  d a t a  and t h e  c o s t  and i n s t r u m e n t a t i o n  d i f f i c u l t i e s  invo lved  i n  l abora -  
t o r y  model ing. .  However, a s  d i s c u s s e d  i n  Chapter 111, i t  has  been v e r i f i e d  w i t h  
e x p e r i m e n t a l  d a t a  t h a t  t h e  mathemat ical  model can r e l i a b l y  p r e d i c t  t h e  unsteady 
flow i n  a  s i n g l e  sewer.  There fore ,  an e x t e g s i o n  of t h e  mathemat ical  p r e d i c t i o n  
of unsteady flow t o  a  sewer network system is i n  t h e  o r d e r  t o  i l l u s t r a t e  t h e  
e f f e c t s  of f low u n s t e a d i n e s s  i n  sewers and j u n c t i o n s .  
The sewer sys tem adopted a s  an example i n  t h i s  c h a p t e r  h a s  known con- 
f i g u r a t i o n  and sewer  s i z e s ,  and hence t h e  example i s  t y p i c a l  f o r  f low p r e d i c t i o n  
and o p e r a t i o n  f o r  e x i s t i n g  sys tems.  S i n c e  t h e  s i z e  o f  t h e  sewers a r e  known, 
t h e i r  d iamete r s  a r e  n o t  computed i n  t h e  numer ica l  p r o c e s s e s .  A s  d i s c u s s e d  i n  
Chapter V I ,  t h e  ISS Model can a l s o  be  used f o r  des ign  purpose  i n  s i z i n g  t h e  
sewer d iamete r s .  The model h a s  been a p p l i e d  t o  t h e  des ign  of a  number of s m a l l  
h y p o t h e t i c a l  sewer  sys tems.  However, f o r  t h e  s a k e  of b r e v i t y ,  t h e  r e s u l t s  a r e  
n o t  p r e s e n t e d  h e r e .  
The l a y o u t  o f  t h e  sewer  sys tem adopted a s  an example i n  t h i s  c h a p t e r  
i s  shown s c h e m a t i c a l l y  i n  F ig .  27 .  The system h a s  a  t r ee - type  c o n f i g u r a t i o n  
c o n s i s t i n g  of seven  networks each of which h a s  f o u r  i n l e t s  and seven sewers 
w i t h  t h e  e x c e p t i o n  of Network 7  which h a s  only  s i x  sewers .  The networks a r e  
of d i f f e r e n t  p h y s i c a l  c h a r a c t e r i s t i c s  i n  o r d e r  t o  i l l u s t r a t e  t h e  d i f f e r e n c e s  
i n  t h e i r  r e s p e c t i v e  responses  t o  in f lows .  The f l o o d  i n p u t s  a t  t h e  2 8  i n l e t s  
and d i r e c t l y  a t  one j u n c t i o n  a r e  conveyed through t h e  4 8  sewers of t h e  networks 
t o  t h e  main l i n e ,  and t h e n  through t h e  6 main sewers t o  t h e  o u t l e t  of t h e  system. 
The p h y s i c a l  c h a r a c t e r i s  t i c s  of t h e  sewers a r e  l i s t e d  i n  Table  7 .  
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TABLE 7 .  - PHYSICAL CHARACTERISTICS OF SEWERS ANALYZED 
S e w e r  L e n g t h  S l o p e  D i a m e t e r  R o u g h n e s s  D o w n s t r e a m  
L o D k D r o p  Z 
(ft) ( f t )  ft) ( f t )  
I l'he sewers i n  t h e  networks a r e  i d e n t i f i e d  by a  l e t t e r  and two nu- 
m e r a l s .  The l e t t e r s  I ,  B ,  and C r e p r e s e n t  r e s p e c t i v e l y  t h e  f i r s t ,  second,  and 1 
t h i r d  o r d e r  sewers .  The f i r s t  ( l e f t )  numeral  i d e n t i f i e s  t h e  network,  and t h e  
i second ( r i g h t )  numeral d i f f e r e n t i a t e s  those  sewers hav ing  t h e  same o r d e r  b u t  
I 
d i f f e r e n t  p h y s i c a l  c h a r a c t e r i s  t i c s  i n  a  network.  For example, B41 r e p r e s e n t s  
I t h e  second-order sewer  i n  Network 4 ,  which h a s  d i f f e r e n t  p h y s i c a l  c h a r a c t e r -  
I i s t i c s  from B40 o r  B42. The main sewers a r e  i d e n t i f i e d  by t h e  l e t t e r  M 
fo l lowed by a  number r e p r e s e n t i n g  t h e i r  r e l a t i v e  l o c a t i o n  a long  t h e  m a i n l i n e .  
, Networks 1, 2 ,  and 3 a r e  i d e n t i c a l  i n  p h y s i c a l  as w e l l  a s  i n p u t  
c h a r a c t e r i s t i c s  b u t  having d i f f e r e n t  j u n c t i o n  p r o p e r t i e s .  Each of t h e s e  t h r e e  
I 
I 
networks is  symmetric i n  l a y o u t  and hence i d e n t i c a l  sewers  b e a r  t h e  same 
i d e n t i f i c a t i o n  code; e . g . ,  t h e  f o u r  I20 sewers  i n  Network 2. Networks 4  and 
I 
I 
5  a r e  p h y s i c a l l y  i d e n t i c a l  b u t  r e c e i v i n g  d i f f e r e n t  i n f l o w s .  A t  t h e  downstream 
end of each network where i t  j o i n s  t h e  main sewers a  drop i s  assumed t o  e x i s t .  
This i s  t o  e n s u r e  t h a t  f o r  t h e  range of f low cons idered  each network a c t s  
independen t ly  and i s  f r e e  from t h e  backwater  e f f e c t s  from t h e  main sewers o r  
o t h e r  networks and consequent ly  t h e  f a c t o r s  a f f e c t i n g  sewer r u n o f f s  can b e  
s t u d i e d  and compared i n d i v i d u a l l y .  
1 VII-2. P r e s e n t a t i o n  and I n t e r p r e t a t i o n  of R e s u l t s  
J 
H y p o t h e t i c a l  f l o o d  waves e n t e r i n g  through t h e  28 i n l e t s  and a  
I 
I j u n c t i o n  have been r o u t e d  through t h e  example sewer sys tem (Fig .  27) by us ing  
t h e  ISS Model. The i n p u t  flood-wave hydrographs a r e  of t r i a n g u l a r  shape above 
I 
1 
a  base f low which has  a c o n s t a n t  d i s c h a r g e  rang ing  from 1 t o  3 c f s .  The peak 
I i n f l o w  r a t e  of t h e  f l o o d  ranges  from 15 t o  25 c f s ,  and t h e  d u r a t i o n  ranges  
from 12 t o  24 min. For t h e  c o n d i t i o n s  t e s t e d ,  due t o  t h e  f l a t  s l o p e  o f  a l l  
1 I 3 t h e  sewers  i n  t h e  sys tem excep t  t h a t  of Sewer C70, t h e  f lows i n  t h e s e  sewers  
9 a r e  i n  s u b c r i t i c a l  regime. These mi ld  s l o p e s  a r e  s e l e c t e d  purpose ly  i n  o r d e r  
i 
i 
t o  i n v e s t i g a t e  t h e  mutual  i n t e r a c t i o n  (backwater e f f e c t s )  of t h e  f lows a t  
v a r i o u s  j u n c t i o n s  throughout  t h e  networks and a long  t h e  main sewers .  On t h e  
o t h e r  hand, each of t h e  networks a c t s  independen t ly  from o t h e r s  p e r m i t t i n g  
s e p a r a t e d  a n a l y s i s  and comparison f o r  each network.  
(A) Networks 1, 2 ,  and 3 .  
As d e s c r i b e d  i n  Sec. V I I - 1 ,  Networks 1, 2 and 3  have i d e n t i c a l  l a y o u t  
of t h e  f i r s t ,  second and t h i r d  o r d e r  sewers a s  shown i n  P ig .  27 and Table  7. 
They have,  however, d i f f e r e n t  j u n c t i o n  c h a r a c t e r i s t i c s .  I n  Network 1, a drop 
of 3 f t  i s  s p e c i f i e d  a t  t h e  downstream end of each sewer and t h e  sewers  a r e  
l i n k e d  by po in t - type  j u n c t i o n s  s o  t h a t  f o r  t h e  range of f low c o n d i t i o n s  con- 
s i d e r e d  t h e  f lows i n  a l l  t h e  sewers a r e  cascad ing  i n t o  t h e  s t o r a g e l e s s  j u n c t i o n s  
f r e e  from backwater  e f f e c t s .  I n  Network 2,  t h e  j o i n i n g  sewers a r e  l i n k e d  by a  
po in t - type  j u n c t i o n  w i t h  a  common i n v e r t  e l e v a t i o n ,  and hence t h e  f low i n  each 
of t h e  sewers  exper iences  t h e  backwater e f f e c t  of t h e  j u n c t i o n .  I n  Network 3 ,  
t h e  j o i n i n g  sewers  a r e  l i n k e d  by a  r e s e r v o i r - t y p e  j u n c t i o n  of 500 s q  f t  c ross -  
s e c t i o n a l  a r e a  and w i t h  a common i n v e r t  e l e v a t i o n .  In t h i s  c a s e  t h e  f low i n  
each sewer i s  s u b j e c t  t o  b o t h  t h e  backwater and s t o r a g e  e f f e c t s  o f  t h e  j u n c t i o n .  
I d e n t i c a l  and concur r ing  i n f l o w  hydrographs a t  t h e  i n l e t s  a r e  rou ted  . 
through each o f  t h e s e  t h r e e  networks.  The r e s u l t s  a r e  shown i n  F i g s .  28, 29 
and 30 i n  t h e  form of d i s c h a r g e  hydrograph and v e l o c i t y  and depth  graphs  a t  
t h e  e n t r a n c e  t o  t h e  f i r s t ,  second and t h i r d  o r d e r  sewers of t h e  networks.  The 
maximum v a l u e s  of d i s c h a r g e ,  v e l o c i t y  and dep th ,  and t h e i r  t imes  o f  occur rence ,  
b e i n g  of pr imary importance i n  des ign  and o p e r a t i o n ,  a r e  a l s o  l i s t e d  i n  Table  8. 
A s  shown i n  F igs .  28, 29 and 30, each of t h e  d i s c h a r g e  hydrographs and 
hence t h e  v e l o c i t y  and dep th  graphs  h a s  a s i n g l e  peak. Th is  i s  due t o  t h e  propa- 
g a t i o n  of i d e n t i c a l  f l o o d  waves through i d e n t i c a l  sewers upst ream from each 
j u n c t i o n  i n  each o f  t h e  symmetric networks.  An i n s p e c t i o n  o f  t h e s e  s ing le -peak  
graphs  i n d i c a t e s  t h e  e x i s t e n c e  of a loop-type d i s c h a r g e  r a t i n g  curve.  At a  
g iven l o c a t i o n  i n  a  sewer ,  t h e  same d i s c h a r g e  occurs  at  a smaller dep th  and 
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h i g h e r  v e l o c i t y  d u r i n g  t h e  r i s i n g  p a r t  t h a n  d u r i n g  t h e  r e c e s s i o n  p a r t  of t h e  
d i s c h a r g e  hydrographs . Furthermore,  maximum v a l u e s  o f  v e l o c i t y ,  d i s c h a r g e  and 
depth  o c c u r ,  f o l l o w i n g  t h a t  o r d e r ,  a t  d i f f e r e n t  t imes .  
A comparison of t h e  f low c o n d i t i o n s  a t  t h e  corresponding p o i n t s  o f  
Networks 1 and 2  demonstra tes  t h e  r e l a t i v e  importance of backwater  e f f e c t s  
i n  s t o r m  sewer networks .  A t  t h e  upstream end of  t h e  f i r s t - o r d e r  sewers ,  i . e . ,  
a t  t h e  e n t r a n c e s  of Sewers I10 and 120, t h e  same f low c o n d i t i o n s  p r e v a i l  f o r  
approximately  f i r s t  t e n  minutes  f o r  t h e  i n f l o w  hydrographs t e s t e d .  A f t e r  t h a t  
t h e  f low a t  t h e  entraf ice  of I20 s t a r t s  t o  exper ience  t h e  backwater  e f f e c t  of 
t h e  j u n c t i o n .  Thus, a t  a  g iven i n s t a n t  f o r  t h e  same r a t e  o f  i n f l o w ,  lower 
v e l o c i t y  and h i g h e r  dep th  a r e  observed a t  t h e  e n t r a n c e  of I20 t h a n  a t  t h a t  o f  
110. A s  would be  expec ted ,  f l o o d  waves i n  Network 1, b e i n g  f r e e  from backwater  
e f f e c t s  o f  t h e  j u n c t i o n s ,  p ropaga te  f a s t e r  and exper ience  l e s s  a t t e n u a t i o n  t h a n  
those  i n  Network 2. There fore ,  a s  i n d i c a t e d  i n  Table 8 ,  c o n s i d e r a b l y  h i g h e r  
v a l u e s  o f  maximum d i s c h a r g e ,  v e l o c i t y  and depth  occur  a t  e a r l i e r  t i m e s  a t  t h e  
e n t r a n c e  of Sewers B10 and C10 a s  compared t o  t h o s e  a t  B20 and C20. 
The i n c r e a s i n g  r a t e  of a t t e n u a t i o n  due t o  backwater  i s ,  of c o u r s e ,  . 
accompanied by an i n c r e a s i n g  r a t e  o f  d i s p e r s i o n  of t h e  f l o o d  waves. Thus, 
a s  shown i n  F i g s .  28 and 29, t h e  d i s c h a r g e  hydrographs and hence t h e  v e l o c i t y  
and depth  g raphs  i n  Network 2  have l o n g e r  runof f  d u r a t i o n s  t h a n  t h e  cor re -  
sponding ones i n  Network 1. This  i n c r e a s e d  d u r a t i o n  i s  p a r t i c u l a r l y  pronounced 
a t  t h e  r e c e s s i o n  p a r t  of t h e  graphs f o r  Network 2  which r e p r e s e n t s  t h e  p e r i o d  
dur ing  which t h e  backwater  d e t e n t i o n  s t o r a g e  i n  t h e  sewers  i s  g r a d u a l l y  d r a i n e d  
away. 
A s i m i l a r  comparison of f low c o n d i t i o n s  between t h e  corresponding 
p o i n t s  of Networks 3  and 2  i n d i c a t e s  t h e  d i f f e r e n t  e f f e c t s  o f  r e s e r v o i r  and 
po in t - type  j u n c t i o n s  on t h e  p ropaga t ion  of f l o o d  waves. A s  can be  s e e n  from 
Figs .  29 and 30, a t  t h e  e n t r a n c e  t o  t h e  f i r s t - o r d e r  sewers, I20 and 130, f low 
TABLE 8. - PIAXIMDIZ VALVES OF FLOW AND THEIR TIME OF OCCURRENCE 
AT ENTRANCE OF SEVERS FOR NETWORKS 1, 2, and 3 
D i s  charge Ve l o c i  t y  Depth 
Sewer Max. Time t o  Max. Time t o  Max. Time t o  
va lue  peak va lue  peak va lue  peak 
( c f s )  (set) (£PSI (set) ( f t )  (set) 
c o n d i t i o n s  a r e  p r a c t i c a l l y  i d e n t i c a l .  With i d e n t i c a l  i n f l o w  hydrographs a t  
a  g iven i n s t a n t ,  t h e  f low a t  t h e  e n t r a n c e  of I30  o c c u r s  a t  s l i g h t l y  lower 
v e l o c i t y  and h i g h e r  dep th  a s  compared t o  t h a t  a t  t h e  e n t r a n c e  of 120. This  
i s  due t o  t h e  f a c t  t h a t  f o r  f lows having low v a l u e s  of Froude number t h e  
energy c o m p a t i b i l i t y  c o n d i t i o n ,  Eq. 32, f o r  a  r e s e r v o i r  j u n c t i o n  and t h e  
k i n e m a t i c  c o m p a t i b i l i t y  c o n d i t i o n ,  Eq. 28, f o r  a  p o i n t  j u n c t i o n  do n o t  d i f f e r  
s i g n i f i c a n t l y ,  and hence t h e  flows a t  t h e  e n t r a n c e  of I20  and I30  exper ience  
s i m i l a r  backwater  e f f e c t s  from p a i n t -  and r e s e r v o i r - t y p e  j u n c t i o n s ,  r e s -  
p e c t i v e l y .  
As would be  expec ted ,  f l o o d  waves b e i n g  s u b j e c t  t o  t h e  r e s e r v o i r  
a c t i o n  o f  j u n c t i o n s  i n  Network 3  p ropaga te  a t  s lower  r a t e s  and e x p e r i e n c e  
g r e a t e r  a t t e n u a t i o n  and d i s p e r s i o n  t h a n  t h o s e  i n  Network 2. Consequently,  
t h e  v a l u e s  of maximum d i s c h a r g e ,  v e l o c i t y  and dep th  a t  t h e  e n t r a n c e  o f  Sewers 
B30 and C30 a r e  s m a l l e r  and o c c u r r i n g  a t  l a t e r  t imes  than  t h o s e  o f  Sewers B20 
and C20, a s  i n d i c a t e d  i n  Table  8.  
I n  o r d e r  t o  r e v e a l  t h e  d i f f e r e n t  d e t e n t i o n  s t o r a g e  mechanisms and 
t o  a s s e s s  t h e  r e l i a b i l i t y  of t h e  mathemat ical  s i m u l a t i o n ,  t h e  amount of de- . 
t e n t i o n  s t o r a g e  i n  Networks 1, 2  and 3  is  analyzed.  For t h e  s a k e  of s i m p l i c i t y ,  
t h e  t h i r d - o r d e r  sewers are excluded from t h e  a n a l y s i s  and t h e  amount of deten- 
t i o n  s t o r a g e  i s  c a l c u l a t e d  a s  t h e  d i f f e r e n c e  between t h e  cumulat ive  i n f l o w  a t  
t h e  upst ream end of t h e  f i r s t - o r d e r  sewers  and t h e  cumulat ive  in f low a t  t h e  
upstream end of  t h e  t h i r d - o r d e r  sewers, C10, C20 and C30, of Networks 1, 2  and 
3 ,  r e s p e c t i v e l y .  The computed d e t e n t i o n  s t o r a g e s  a t  v a r i o u s  i n s t a n t s  w i t h i n  
t h e  networks a r e  shown i n  F ig .  3 1  i n  a  nondimensional form a s  t h e  p e r c e n t a g e  
of t h e  t o t a l  volume of  t h e  f l o o d  waves above t h e  basef low.  
A s  expec ted ,  Fig .  3 1  i n d i c a t e s  t h a t  t h e  d e t e n t i o n  s t o r a g e  i n  Network 
3 i s  g r e a t e r  t h a n  t h a t  i n  Network 2 ,  which i s  i n  t u r n  g r e a t e r  t h a n  t h a t  i n  
Network 1. The d i f f e r e n c e  i n  t h e  d e t e n t i o n  s t o r a g e s  between Network 2  and 1 
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F I G .  31. T I M E  VARIATION O F  DETENTION STORAGES I N  NETWORKS 1, 2 ,  AND 3 
r e p r e s e n t s  t h e  s o  c a l l e d  "backwater s t o r a g e . "  For a s imple  case  of s t e a d y  
nonuniform s u b c r i t i c a l  f low,  t h i s  s t o r a g e  would b e  e q u a l  t o  t h e  volume of 
w a t e r  between M 1  and M2 type  w a t e r  s u r f a c e  p r o f i l e s  i n  a  s to rm sewer.  I n  
t h e  p r e s e n t  case  of unsteady nonuniform f low i t  i s  d i f f i c u l t  t o  g i v e  such 
a s imple  q u a n t i t a t i v e  d e s c r i p t i o n  f o r  backwater s t o r a g e .  For  as w i l l  b e  
d i s c u s s e d  l a t e r ,  i t s  magnitude i s  c o n t r o l l e d  by v a r i o u s  mechanisms i n c l u d i n g  
t h e  p o s s i b i l i t y  of r e v e r s e  f low through t h e  downstream end of a  sewer. 
The d i f f e r e n c e  i n  d e t e n t i o n  s t o r a g e s  between Networks 3  and 2 ,  on 
t h e  o t h e r  hand, r e p r e s e n t s  mainly t h e  amount of w a t e r  s t o r e d  i n  t h e  j u n c t i o n s  
of Network 3. It shou ld  b e  no ted  h e r e  t h a t ,  t h e  500-sq f t  c r o s s  s e c t i o n a l  
a r e a  f o r  each of t h e  j u n c t i o n s  i n  Network 3  is  much t o o  b i g  f o r  p r o t o t y p e  
s t o r m  sewer j u n c t i o n s  o r  manholes. There fore ,  t h e  magnitude of t h e  j u n c t i o n  
s t o r a g e  which i s  approximately  one t e n t h  of t h e  t o t a l  f l o o d  volume a s  shown 
i n  F i g .  31 is  only  f o r  t h e  purpose  of i l l u s t r a t i o n  and i s  n o t  r e p r e s e n t a t i v e  
o f  t h e  s t o r a g e  c a p a b i l i t y  of s to rm sewer j u n c t i o n s  and manholes. 
I n  an e f f o r t  t o  t e s t  t h e  r e l i a b i l i t y  of t h e  mathemat ical  simula- 
t i o n s ,  t h e  d e t e n t i o n  s t o r a g e s  i n  t h e  f i r s t -  and second-order sewers  and 
j u n c t i o n s  of t h e  t h r e e  networks a r e  a l s o  c a l c u l a t e d  from t h e  computed w a t e r  
s u r f a c e  p r o f i l e s  a t  t h r e e  i n s t a n t s  a s  shown i n  Fig .  31. The d i f f e r e n c e  
between t h e  amount of d e t e n t i o n  s t o r a g e s  computed by t h e  two procedures  a t  
t h e  same i n s t a n t  i s  an i n d i c a t i o n  of t h e  e r r o r  i n  t h e  c o n s e r v a t i o n  of volume. 
This  e r r o r ,  a s  can b e  s e e n  from Fig.  31, i s  found t o  b e  l e s s  t h a n  0.5% of 
t h e  t o t a l  volume of t h e  i n f l o w  above basef low,  i . e . ,  t h e  volume of t h e  f l o o d ,  
i n  a l l  t h e  networks ,  and hence t h e  r e s u l t s  appeared t o  b e  r e l i a b l e .  
(B)  Networks 4 and 5. 
Networks 4 and 5  a r e  i d e n t i c a l  i n  g e o m e t r i c a l  c h a r a c t e r i s t i c s  a s  
shown i n  Fig .  27 and Table  7. However, they r e c e i v e  i d e n t i c a l  i n f l o w  hydro- 
graphs  a t  d i f f e r e n t  t imes  a t  t h e i r  i n l e t s .  I n  Network 4 i d e n t i c a l  f l o o d  
Time, min.  
FIG. 32. FLOW AT ENTRANCE OF SEWERS I N  NETWORK 4 
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in f lows  e n t e r  s u c c e s s i v e l y  i n t o  Sewers 140 ,  141,  I42 and 143,  a t  t = 0 ,  4 ,  8 
and 12 min,  r e s p e c t i v e l y ,  r e p r e s e n t i n g  an h y p o t h e t i c a l  r a i n s t o r m  movement 
towards downstream a long  t h e  g e n e r a l  d i r e c t i o n  of t h e  network a s  shown i n  
Fig .  32. I n  Network 5 ,  c o n t r a r i l y ,  t h e  same in f lows  e n t e r  s u c c e s s i v e l y  
i n t o  Sewers 153,  152,  I 5 1  and I50 a t  t = 0 ,  4, 8 and 12 min,  r e s p e c t i v e l y ,  
r e p r e s e n t i n g  a  r a i n s t o r m  moving towards upst ream a s  shown i n  F ig .  33. 
Computed f low d e p t h ,  v e l o c i t y ,  and d i s c h a r g e  a t  t h e  e n t r a n c e  of t h e  
second-order  sewers  of Networks 4  and 5  a r e  g iven  i n  F i g s .  32 and 33, re-  
s p e c t i v e l y .  A comparison of t h e  f low c o n d i t i o n s  a t  t h e  cor responding  loca-  
t i o n s  i n  t h e  two networks r e v e a l s  t h e  importance of t h e  e f f e c t  of t ime l a g  of 
t h e  i n f l o w  hydrographs  a t  t h e  i n l e t s .  I n  Network 4 ,  f l o o d  waves from t h e  
upst ream sewers  a r r i v e  a t  t h e  j u n c t i o n s  a t  almost t h e  same t i m e s ,  consequent ly  
t h e  cumula t ive  e f f e c t  of t h e  f lows r e s u l t s  i n  s h o r t - d u r a t i o n  and s ing le -peak  
d i s c h a r g e ,  v e l o c i t y ,  and dep th  graphs  a t  t h e  e n t r a n c e  of Sewers B40, B41 and 
B42. I n  Network 5 ,  c o n t r a r i l y ,  f l o o d  waves a r r i v e  a t  t h e  j u n c t i o n s  a t  d i f -  
f e r e n t  de layed  t imes y i e l d i n g  long-durat ion and low-peak d i s c h a r g e ,  v e l o c i t y  
and dep th  g raphs  a t  t h e  e n t r a n c e  of B50, B51 and B53. The r e s u l t  of t h i s  
comparison i n d i c a t e s  t h a t  from sewer d e s i g n  v iewpoin t  a downstream moving 
r a i n s t o r m  i s  more impor tan t  t h a n  an  upst ream moving one as t h e  former  g i v e s  
h i g h e r  maximum v a l u e s  f o r  dep th  , v e l o c i t y  and d i s c h a r g e .  
(C) Network 6.  
Network 6  i s  a n  asymmetric network i n  which sewers  o f  t h e  same 
o r d e r  j o i n i n g  t o  t h e  same j u n c t i o n  have d i f f e r e n t  l e n g t h s  b u t  are o t h e r w i s e  
i d e n t i c a l ,  as shown i n  F ig .  27 and Table  7. The network r e c e i v e s  i d e n t i c a l  
f l o o d  waves f i r s t  through t h e  i n l e t s  of I60  and I62 a t  t = 0  and t h e n  w i t h  a 
t ime l a g  of 10 min through t h e  i n l e t s  of I 6 1  and 163. These i n f l o w  f l o o d  
waves t o g e t h e r  w i t h  t h e  computed f low d e p t h ,  v e l o c i t y  and d i s c h a r g e  a t  t h e  
e n t r a n c e  t o  t h e  second- and t h i r d - o r d e r  sewers  of t h e  network a r e  p r e s e n t e d  
i n  F ig .  34. 

As expec ted ,  t h e  f l o o d  waves i n  t h e  s h o r t e r  sewers  I 6 0  and I62  a r r i v e  
a t  t h e  second-order sewers  B60 and B61 e a r l i e r  t h a n  t h e  de layed  f l o o d  waves 
from t h e  l o n g e r  sewers  I 6 1  and 163. Thus a s  shown i n  F ig .  34,  t h e  d i s c h a r g e  
hydrographs ,  and hence t h e  v e l o c i t y  and depth  g raphs ,  a t  t h e  e n t r a n c e  of 
Sewers B60 and B61 have double peaks.  These double-peak f l o o d  waves t h e n  
p ropaga te  through i d e n t i c a l  second-order  sewers  o f  d i f f e r e n t  l e n g t h s ,  B60 and 
B61, and when they meet a t  t h e i r  j u n c t i o n  w i t h  Sewer C60, they y i e l d  an  i r r e g -  
u l a r  shape i n f l o w  hydrograph and hence v e l o c i t y  and dep th  graphs  a t  t h e  
e n t r a n c e  of Sewer C60. 
The sequence of e v e n t s  i n  a  "backwater cycle"  a t  a  sewer j u n c t i o n  
. 
can b e  s e e n  by s t u d y i n g  t h e  d i s c h a r g e ,  dep th ,  and v e l o c i t y  graphs  a t  t h e  
upst ream and downstream ends  o f  Sewers I60  and I 6 1  (Fig .  35) .  The k i n e m a t i c  
c o m p a t i b i l i t y  c o n d i t i o n  a t  t h e  j u n c t i o n  i m p l i e s  t h a t  t h e  d e p t h s  of f low a t  
t h e  e x i t  of Sewers I60 and I 6 1  a r e  e q u a l .  However, t h e  d i s c h a r g e s  and v e l -  
o c i t i e s  a t  t h e s e  p o i n t s  a t  a  g i v e n  i n s t a n t  a r e  q u i t e  d i f f e r e n t  (Fig .  35).  
As t h e  e a r l i e r  f l o o d  wave which is  from t h e  s h o r t e r  sewer I60  a r r i v e s  a t  t h e  
j u n c t i o n  t h e  w a t e r  s u r f a c e  e l e v a t i o n  t h e r e  s t a r t s  t o  r i s e  and consequen t ly  
t h e  dep th  n e a r  t h e  downstream end of Sewer I 6 1  i n c r e a s e s .  Due t o  backwater 
e f f e c t  t h e  d i s c h a r g e  and v e l o c i t y  around t h e  downstream end of Sewer I 6 1  
d e c r e a s e s ,  and they  b o t h  become n e g a t i v e  f o r  a  s h o r t  p e r i o d ,  i . e . ,  w a t e r  
f lows towards upstream i n  t h e  downstream p a r t  of Sewer 161. A f t e r  t h e  f l o o d  
peak from Sewer I60 p a s s e s  through t h e  j u n c t i o n ,  t h e  d i s c h a r g e  and v e l o c i t y  
n e a r  t h e  downstream end of Sewer I 6 1  b e g i n s  t o  i n c r e a s e  i n  response  t o  an  
i n c r e a s i n g  w a t e r  s u r f  ace  s l o p e  towards downstream i n  t h e  sewer ,  and e v e n t u a l l y  
r e t u r n  t o  p o s i t i v e  v a l u e s  f o r  d r a i n i n g  of t h e  d e t e n t i o n  s t o r a g e .  Both t h e  
d i s c h a r g e  and v e l o c i t y  a r e  f u r t h e r  i n c r e a s e d  r a p i d l y  w i t h  t h e  approaching of 
t h e  f l o o d  wave from Sewer I 6 1  t o  t h e  j u n c t i o n ,  and t h e  backwater  e f f e c t  now 
s t a r t s  t o  i n f l u e n c e  t h e  reced ing  f low i n  Sewer 160. During t h e  passage  of 

t h i s  second f l o o d  peak through t h e  j u n c t i o n  t h e  d i s c h a r g e  a t  t h e  downstream 
end of  Sewer I 6 0  d e c r e a s e s  t e m p o r a r i l y  tlelow t h e  r a t e  of i n f l o w  a t  i ts  
e n t r a n c e .  There fore ,  d u r i n g  t h i s  p e r i o d ,  p a r t  of t h e  i n f l o w  i s  t e m p o r a r i l y  
r e t a i n e d  w i t h i n  Sewer I60  as t h e  s o  c a l l e d  backwater  s t o r a g e .  A f t e r  t h e  
second f l o o d  peak p a s s e s  through t h e  j u n c t i o n ,  t h e  f low a t  t h e  downstream 
end of Sewer I 6 1  s t a r t s  t o  recede ,  and t h e  d i s c h a r g e  and v e l o c i t y  a t  t h e  
downstream end of  Sewer I 6 0  i n c r e a s e .  The backwater  s t o r a g e  i n  t h e  sewers  
i s  of p r a c t i c a l  importance i n  view of t h e  r e c e n t  a t t e m p t s  t o  use  sewer 
c o n d u i t s  a s  a p l a c e  f o r  d e t e n t i o n  s t o r a g e  of r a i n s t o r m  r u n o f f s .  
(D)  Network 7. 
Network 7  h a s  an i r r e g u l a r  l a y o u t  which is most l i k e l y  t o  b e  
observed i n  r e a l  s to rm sewer sys tems.  As shown i n  Fig .  27 and Tab le  7 ,  
each sewer i n  t h e  network has  d i f f e r e n t  p h y s i c a l  c h a r a c t e r i s t i c s .  Flood 
waves e n t e r  t o  t h e  network a t  i n l e t s  of t h e  f i r s t - o r d e r  sewers  170, 171, 172 ,  
173,  as w e l l  as d i r e c t l y  a t  t h e  j u n c t i o n  of t h e  sewers  170,  B70 and C70. These 
i n f l o w  f l o o d  waves t o g e t h e r  w i t h  t h e  computed d i s c h a r g e ,  v e l o c i t y ,  and dep th  
a t  a  few s e l e c t e d  l o c a t i o n s  i n  t h e  network are p r e s e n t e d  i n  F ig .  36. 
The e f f e c t s  of d i r e c t  i n f l o w s  a t  t h e  j u n c t i o n s  of Sewers I70 and 
I 7 1  and of Sewers 170,  B70 and C70 can b e  s e e n  from an i n s p e c t i o n  o f  t h e  com- 
pu ted  v e l o c i t y ,  dep th  and d i s c h a r g e  hydrographs .  The i n f l o w  a t  t h e  j u n c t i o n  
o f  Sewers I 7 1  and I70  c r e a t e s  a  backwater e f f e c t  t o  t h e  f low i n  Sewer 171,  
a s  c l e a r l y  shown by t h e  d i p s  i n  t h e  v e l o c i t y  and d i s c h a r g e  a t  t h e  e x i t  of 
t h a t  sewer.  S i m i l a r l y ,  t h e  i n f l o w  a t  t h e  j u n c t i o n  of Sewers 170,  B70, and 
C70 c r e a t e s  backwater  e f f e c t s  on t h e  f lows  i n  Sewers I70  and B70, caus ing  
t h e  v e l o c i t y  and d i s c h a r g e  a t  t h e  e x i t  of t h e s e  sewers t o  drop t e m p o r a r i l y  
below t h e  corresponding i n i t i a l  s t e a d y  f low v a l u e s .  
The d i p  i n  t h e  v e l o c i t y  graph a t  t h e  e n t r a n c e  of Sewer I70 occurs  
a t  around t = 20 min, w h i l e  t h e  d i r e c t  i n f l o w  a t  t h e  j u n c t i o n  of Sewers 170,  

B70, and C70 is  receding ,  and the  f lood  peak from Sewer B70 i s  pas s ing  through 
t h e  j unc t ion .  Therefore ,  t h i s  l a t e r  backwater,  which propagates  up t o  t he  
en t r ance  of Sewer 170, i s  c r ea t ed  by t h e  flow i n  Sewer B70, r a t h e r  than  by t h e  
d i r e c t  inf low a t  t h e  junc t ion  of Sewers 170, B70, and C70. 
The flow i n  Sewer C70 i s  s u p e r c r i t i c a l  w i t h  t h e  va lues  of Froude 
number ranging from 1.05 t o  1.3. Hence, t h e  flow i n  t h i s  sewer is  c o n t r o l l e d  
by t h e  flow condi t ion  a t  i t s  en t rance .  
R e l i a b i l i t y  of the computed flow condi t ions  i n  Network 7 i s  checked 
by computing t h e  e r r o r  i n  volume conserva t ion ,  a s  has  been done f o r  Networks 
1, 2 and 3. The n e t  inf low volume i s  computed a s  t h e  d i f f e r e n c e  of cumulative. 
in f low ( a t  t h e  i n l e t s  of Sewers 170, 171, 172, I 7 3  and a t  t h e  junc t ion  upstream 
of Sewer C70) and the  cumulative outf low ( a t  the  downstream end of Sewer C70) 
from t h e  network. The de t en t ion  s t o r a g e  i n  t h e  network i s  c a l c u l a t e d  from t h e  
computed wa te r  s u r f a c e  p r o f i l e s .  The e r r o r s  i n  the volume ba lance  as  i n d i c a t e d  
by t h e  d i f f e r e n c e  between t h e  n e t  in f low volume and t h e  de t en t ion  s t o r a g e  a t  t 
= 10,  20 and 40 min a r e  found t o  be 0.5,  1.2 and 0.9 pe rcen t ,  r e s p e c t i v e l y ,  of 
t he  t o t a l  in f low volume above t h e  base flow. 
(E)  Main-Sewer Line. 
A s  shown i n  Fig. 27, t he  main l i n e  of t h e  sewer system i s  formed by 
a  s e r i e s  of s i x  sewers. Three of t h e  sewers, N 1 ,  M2, and M3, have d i f f e r e n t  
geometries and t h e  remaining t h r e e ,  M4, M5, and M6 a r e  i d e n t i c a l  (Table 7) .  
The main-sewer l i n e  r ece ives  f l ood  waves from t h e  seven networks cascading 
through drops a t  t h e i r  e x i t s  a t  s i x  point- type j unc t ions  along t h e  main-sewer 
l i n e  and i t  conveys t h e  water  t o  t he  o u t l e t  of t h e  system where c r i t i c a l  flow 
condi t ion ,  i . e . ,  a  f r e e  f a l l ,  i s  assumed. The computed time v a r i a t i o n s  of 
d i scharge  and depth a t  t h e  en t rance  of t h e  main sewers and a t  t h e  o u t l e t  of 
t h e  system a r e  shown i n  Fig. 37. 
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A s  shown i n  Fig. 37 b o t h  t h e  peak f low and d u r a t i o n  o f  t h e  f l o o d  
i n  t h e  main sewers  i n c r e a s e  a long t h e  dclwnstream d i r e c t i o n .  The d i s c h a r g e  
a t  t h e  e n t r a n c e  o f  Sewer M l  i s  t h e  sum of t h e  ou t f lows  from Networks 1 and 
2.  This  f l o w  propaga tes  through Sewer M I ,  j o i n e d  by t h e  ou t f low from Network 
7, t o  g i v e  a  l o n g e r  d u r a t i o n  hydrograph a t  t h e  e n t r a n c e  of Sewer M2 w i t h  a  
h i g h e r  peak d i s c h a r g e  t h a n  t h a t  f o r  Ml. I n  a  s i m i l a r  manner, t h e  d i s c h a r g e  
hydrograph a t  t h e  e x i t  of M2 i s  j o i n e d  by t h e  ou t f low hydrograph of Network 3 
a t  t h e  e n t r a n c e  o f  M3, then  p ropaga tes  downstream and i s  j o i n e d  s u c c e s s i v e l y  
by t h e  ou t f lows  from Networks 6 ,  4, and 5  a t  t h e  e n t r a n c e  of M4, M5. and M6, 
r e s p e c t i v e l y .  The f l o o d  wave t h e n  p r o p a g a t e s  through Sewer M6 and r e a c h e s  
t o  t h e  o u t l e t  of t h e  sys tem w i t h  a  s l i g h t  a t t e n u a t i o n ,  a s  shown i n  Fig .  37. 
The v a r i a t i o n s  o f  f low dep th  w i t h  b o t h  t ime and s p a c e  f o l l o w  t h e  v a r i a t i o n  of 
d i s c h a r g e ,  w i t h  t h e  t ime of occur rence  of maximum depth  b e i n g  preceded by t h a t  
f o r  t h e  peak d i s c h a r g e  a t  a l l  t h e  p o i n t s  a l o n g  t h e  main sewer  l i n e .  
Backwater e f f e c t s  i n  t h e  main sewers  can b e  i l l u s t r a t e d  by s t u d y i n g  
t h e  d i s c h a r g e ,  dep th ,  and v e l o c i t y  g raphs  a t  t h e  e n t r a n c e  and e x 2 t  of Sewer M I .  
These graphs  a r e  p r e s e n t e d  i n  Fig .  38  t o g e t h e r  w i t h  t h e  o u t f l o w  hydrograph f o r  
Network 7 ,  which j o i n s  t o  t h e  downstream and of Sewer M I .  As shown by t h e  
d i s c h a r g e  g raphs ,  t h e  f l o o d  from Network 7  a r r i v e s  e a r l y  and cascades  f r e e l y  
through a  drop i n t o  t h e  po in t - type  j u n c t i o n ,  caus ing  t h e  w a t e r  s u r f a c e  a t  t h e  
j u n c t i o n  t o  r i s e  a s  i n d i c a t e d  by t h e  depth  graphs .  The backwater  e f f e c t  i n  
Sewer M 1  due t o  t h i s  i n c r e a s e  i n  depth  a t  t h e  j u n c t i o n  i s  evidenced by a  
I 
d e c r e a s e  i n  v e l o c i t y  a s  w e l l  a s  d i s c h a r g e  a t  t h e  downstream end of  t h e  sewer.  
This  backwater  e f f e c t  p r e v a i l s  u n t i l  t h e  f l o o d  peak from Network 7  p a s s e s  
through t h e  j u n c t i o n  and a  s i g n i f i c a n t  amount of w a t e r  is t e m p o r a r i l y  d e t e n t e d  
i n  Sewer M I .  The backwater  e f f e c t  i n  Sewer M 1  d imin i shes  a s  t h e  f l o o d  e n t e r i n g  
a t  t h e  upstream end of  Sewer M 1  p a s s e s  through t h e  j u n c t i o n ,  w h i l e  t h e  f low 
from Network 7  i s  reced ing .  
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Because of con t inu i ty  of wa te r  s u r f a c e  a t  the  j unc t ions ,  t h e  va r i a -  
t i o n  of depth along t h e  sewers i n d i c a t e s  t h a t  i n  a main sewer t h e  l a r g e s t  
flow depth occurs  a t  t h e  e x i t  r a t h e r  than  a t  t h e  en t r ance  of t h e  sewer. I n  
Sewer M2,maximum flow depth a t  t h e  en t r ance  i s  4 f t ,  whereas t h a t  a t  i t s  e x i t  
i s  4.8 f t .  S i m i l a r l y ,  t h e  maximum depths  a t  t h e  e x i t  of Sewers M 3  and M 4  a r e  
5  and 5 .4  f  t , r e s p e c t i v e l y ,  and those  a t  t h e  corresponding upstream ends a r e  
4.8 and 5 f t .  
VII-3. Fu r the r  Remarks. 
The computed r e s u l t s  of  t h e  ISS model appl ied  t o  t h e  example 
sewer system presen ted  i n  t h e  preceding s e c t i o n  appear t o  be i n  good agreement 
wi th  t h e  expec t a t i ons  based on phys i ca l  reasoning.  A l i m i t e d  number of volume 
ba lance  c a l c u l a t i o n s  f o r  Networks 1, 2 ,  3,and 7 f u r t h e r  i n d i c a t e s  t h e  e r r o r  
i n  conserva t ion  of volume t o  be n e g l i g i b l e  f o r  a l l  p r a c t i c a l  purposes.  There- 
f o r e ,  t h e  r e s u l t s  seem t o  b e  c o r r e c t  and s u b s t a n t i a t e ,  a t  least  q u a l i t a t i v e l y ,  
t h e  importance of mutual i n t e r a c t i o n  of f l ood  waves and t h e  r e s u l t i n g  back- 
water  e f f e c t s  and de t en t ion  s t o r a g e s  i n  t h e  sewers and junc t ions  of  t h e  system. 
I n  f a c t ,  t h e  r e s u l t s  i n d i c a t e  t h a t ,  i n  rou t ing  f lood  waves, i f  t h e  
junc t ion  cond i t i on  i s  n o t  c a r e f u l l y  s e l e c t e d  t o  approximate c lo se ly  t h e  a c t u a l  
condi t ion ,  cons iderab le  e r r o r s  can occur which may completely n u l l i f y  t h e  
e f f o r t  of e l abo ra t ed  flow equat ions and numerical  schemes f o r  t he  i n d i v i d u a l  
sewers (Sevuk and Yen, 1973b). This i s  perhaps b e s t  i n d i c a t e d  by t h e  compar- 
i s o n  of r e s u l t s  i n  Networks 1, 2 and 3, a s  d i scussed  prev ious ly .  
From a des ign  viewpoint ,  on t h e  o the r  hand, t h e  r e s u l t s  i n d i c a t e  
t h e  p o s s i b l e  occurrence of a  l a r g e s t  flow depth a t  t h e  downstream r a t h e r  than  
a t  t he  upstream end of a  sewer due t o  backwater e f f e c t s .  Therefore ,  t he  common 
p r a c t i c e  of computing sewer diameters  from t h e  peak d ischarge  of t h e  unattenu- 
a t ed  f lood  wave a t  t h e  upstream end i s  ques t ionable  i f  p r e s su r i zed  sewer flow 
i s  no t  allowed. 
I n  engineer ing a p p l i c a t i o n s ,  the  ISS Model can be  used no t  only f o r  
design purposes bu t  a l s o  f o r  flaw p r e d i c t i o n  and f o r  i d e n t i f i c a t i o n  of impor- 
t a n t  parameters of s torm sewer systems. For example, t h e  Model can be  used 
t o  t e s t  t h e  e f f e c t i v e n e s s  of de t en t ion  of ra ins torm water  a t  var ious  p o i n t s  
i n  a  sewer system and i t s  p o t e n t i a l  on opt imal  design and p o l l u t i o n  c o n t r o l  
p r a c t i c e s .  It can be  used t o  p r e d i c t  t he  e f f e c t s  of  u rbaniza t ion .  O r ,  i t  
can be used t o  pin-point  t h e  bot t le-necks of e x i s t i n g  sewer systems f o r  
improvement and modi f ica t ions .  
Needless t o  s ay ,  complicated a s  i t  i s ,  much improvement and ref inement  
can and should be  made on t h e  ISS Model. For i n s t a n c e ,  t h e  ex tens ion  t o  inc lude  
p re s su r i zed  f u l l  condui t  flow and hydrau l i c  jumps and su rges  a r e  d e s i r a b l e .  
Modif icat ion t o  account f o r  nonc i r cu l a r  sewers i n  a  s imple b u t  accura te  manner 
would g r e a t l y  broaden t h e  usefu lness  of t h e  Model. Furthermore, from t h e  com- 
p u t a t i o n a l  economic viewpoint ,  i t  appears d e s i r a b l e  t o  modify the  Model i n t o  
two, namely, one f o r  design purposes and t h e  o t h e r  f o r  flow p r e d i c t i o n  f o r  which 
the  l ayou t ,  s l o p e  and s i z e  of t h e  sewers a r e  known. 
It may b e  app rop r i a t e  t o  mention h e r e  t h a t  t h e  computer time re -  
qu i red  f o r  t h e  proposed model t o  opera te  on the  I B M  360175 system of  t h e  
Univers i ty  of I l l i n o i s  a t  Urbana-Champaign t o  s imula te  t h e  f low i n  t h e  ex- 
ample sewer system i s  approximately 20 min. I f  t h e  same system were t o  be 
designed,  i . e . ,  t he  s e w e r  diameters  were t o  be determined s o  as  t o  r e s t r i c t  
t h e  maximum flow depth i n  each sewer between 0.8D and 0.9D, a  conserva t ive  
e s t ima te  f o r  t h e  computer time would be one hour. 
V I I I .  DETERWINATION OF DESIGN RAINFALL AND NEW APPROACH TO 
DESIGN SEWERS BASED ON RISK ANALYSIS 
During t h e  e a r l y  s t a g e  of t h i s  r e s e a r c h  a c a r e f u l  re-examinat ion 
of t h e  t h e n  c u r r e n t  s t a t u s  of knowledge i n  urban s to rm d r a i n a g e  r e v e a l e d  
s e v e r a l  fundamental  weaknesses i n  c o n v e n t i o n a l  d e s i g n  s t r a t e g y .  One of 
t h e s e  weaknesses i s  on t h e  d e t e r m i n a t i o n  of d e s i g n  r a i n f a l l  and t h e  subsequent  
sewer d e s i g n  w i t h o u t  c o n s i d e r i n g  t h e  p r o b a b i l i t y  of f a i l u r e .  For a d e s i g n  
i n v o l v i n g  p r o b a b i l i s t i c  q u a n t i t i e s  of f u t u r e  e v e n t s ,  t h e r e  i s  always a r i s k  
o r  p r o b a b i l i t y  of f a i l u r e  a s s o c i a t e d  w i t h  t h e  d e s i g n  (Yen, 1970).  For 
i n s t a n c e ,  t h e  i n l e t  hydrographs f o r  t h e  wors t  r a i n s t o r m  throughout  t h e  expected. 
s e r v i c e  p e r i o d  o f  t h e  sewer ,  s a y  50 y e a r s ,  i s  s u b j e c t  t o  chance i n  n a t u r e .  
U n c e r t a i n t i e s  a l s o  e x i s t  i n  t h e  mathemat ica l  modeling of t h e  sewer sys tem,  i n  
t h e  a d o p t i o n  of an  i d e a l i z e d  and s i m p l i f i e d  method of s o l u t i o n ,  and i n  con- 
s t r u c t i o n  workmanship and m a t e r i a l  q u a l i t y .  No h y d r a u l i c  s t r u c t u r e  can b e  
b u i l t  a b s o l u t e l y  s a f e ,  a l though  some impor tan t  p r o j e c t s  may c a r r y  a  v e r y  low 
r i s k  of f a i l u r e .  
A h y d r a u l i c  p r o j e c t  can  b e  b u i l t  r e l a t i v e l y  s a f e  b u t  expensive .  
The same p r o j e c t  may a l s o  b e  b u i l t  l e s s  s a f e  b u t  much cheaper .  There  i s  a  
t r a d e - o f f  p o i n t  between c o s t  and s a f e t y .  Also ,  t h e  p u b l i c  shou ld  b e  informed 
on t h e  l e v e l  of p r o t e c t i o n  and t h e  r i s k  of t h e  p r o j e c t s  t h e y  a r e  invo lved  i n  o r  
concerned abou t .  I n  f a c t ,  a  r a t i o n a l  d e s i g n  shou ld  have a  ba lanced  c o n s i d e r a t i o n  
of c o s t ,  b e n e f i t ,  and r i s k .  T h i s  i s  p a r t i c u l a r l y  t r u e  f o r  urban s to rm 
d r a i n a g e  systems because  of t h e  manner t o  f i n a n c e  such p r o j e c t s  and t h e  two 
d i f f e r e n t  t y p e s  of f a i l u r e .  The r e c u r r i n g  t y p e  f l o o d  p r o t e c t i o n  f a i l u r e ,  
which r e s u l t s  i n  temporal  f l o o d i n g  of low land  and basements and i n t e r r u p t i o n  
of t r a f f i c  because  of inadequacy i n  c a p a c i t y  of t h e  d r a i n a g e  sys tem,  w i t h  
subsequent  p r o p e r t y  damages and inconvenience b u t  w i t h o u t  any s t r u c t u r a l  f a i l u r e  
which would impa i r  and damage t h e  f u n c t i o n i n g  of t h e  system. The o t h e r  is t h e  
c a t a s t r o p h i c  t y p e  f a i l u r e  which i n v o l v e s  s t r u c t u r a l  f u n c t i o n i n g  f a i l u r e  such 
a s  over load ing  and damaging of sewage pumps o r  t r e a t m e n t  p l a n t s .  
I n  t r a d i t i o n a l  d e s i g n  p r a c t i c e ,  n e i t h e r  t h e  t y p e  of f a i l u r e  nor  t h e  
r i s k  i s  e x p l i c i t l y  cons idered .  The d e s i g n  r a i n f a l l  is determined by some 
rules-of-thumb based on p a s t  e x p e r i e n c e s .  For  i n s t a n c e ,  a s  s p e c i f i e d  i n  
commonly used t e c h n i c a l  manuals o r  r e f e r e n c e  books such a s  t h e  ASCE Manual 
No. 37 (1969) ,  f a c i l i t i e s  t o  p r o t e c t  from f l o o d i n g  damages shou ld  b e  des igned 
f o r  r a i n f a l l  w i t h  a  r e t u r n  p e r i o d  of 2 t o  5 y e a r s  and f o r  major  equipment l i k e  
pumps and t r e a t m e n t  p l a n t s  10 t o  50 y e a r s .  Not on ly  is i t  o f t e n  d i f f i c u l t  t o  
d e t e r n i n e  e x a c t l y  what r e t u r n  p e r i o d  shou ld  b e  used w i t h i n  t h e  sugges ted  
range  b u t  a l s o  t h a t  i n  many c a s e s  t h e  recommended range  of r e t u r n  p e r i o d  i s  
a c t u a l l y  u n s a t i s f a c t o r y  and u n s c i e n t i f i c .  Also ,  t h e  f requency of r a i n s t o r m  
h a s  been i m p l i c i t l y  assumed t o  b e  t h e  same a s  t h a t  of t h e  s to rm r u n o f f ,  
a l though  t h e y  a r e  a c t u a l l y  d i f f e r e n t  i n  view of i n f i l t r a t i o n  and o t h e r  
a b s t r a c t i o n s  t o g e t h e r  w i t h  t h e  e f f e c t  of f low u n s t e a d i n e s s .  
I n  t h i s  r e s e a r c h  p r o j e c t  i t  h a s  been p o i n t e d  o u t  t h a t  t h e  d e s i g n  
r a i n f a l l  r e t u r n  p e r i o d  can be  determined s c i e n t i f i c a l l y  based on r i s k  a n a l y s i s ,  
F i r s t ,  t h e  s imple  c a l c u l a t e d  h y d r o l o g i c  r i s k  i s  cons idered  (Yen, 1970) .  I n  
h y d r o l o g i c  d e s i g n  of an  e n g i n e e r i n g  p r o j e c t  such a s  starm sewers  w i t h  an  
expected l i f e  of n  y e a r s  based on a  r e t u r n  p e r i o d  T  y e a r s  of t h e  hydro log ic  
e v e n t ,  t h e r e  always e x i s t s  a n  a s s o c i a t e d  r i s k .  By u s i n g  s i m p l e  p r o b a b i l i t y  
t h e o r y  on independent  r e c u r r i n g  e v e n t s  and t h e  d e f i n i t i o n  of r e t u r n  p e r i o d ,  t h e  
r i s k  of f a i l u r e  f o r  t h e  n-year p e r i o d  can be  d e r i v e d  a s  
i n  which P(X > Q) i s  the '  p r o b a b i l i t y  of occur rence  of an  h y d r o l o g i c  e v e n t  X 
g r e a t e r  t h a n  t h e  d e s i g n  magnitude 0 d u r i n g  t h e  e n t i r e  n  y e a r s  under c o n s i d e r a t i o n .  
Here f a i l u r e  is assumed t o  occur  once t h e  e v e n t  X ,  such  a s  r a i n f a l l  and f l o o d ,  
exceeds  t h e  d e s i g n  v a l u e  Q. 
Conversely ,  i f  t h e  expected l i f e  of t h e  p r o j e c t  and t h e  a c c e p t a b l e  
r i s k  i s  predetermined,  then  t h e  corresponding r e t u r n  pe r i od  can b e  determined 
by u s ing  Eq. 35. F igure  39 is a  p l o t  of Eq. 35 f o r  convenience i n  eng inee r i ng  
u se s .  I f  n/T i s  much sma l l e r  than  u n i t y ,  by expanding Eq. 35 i n t o  s e r i e s  i t  
can b e  shown t h a t  t h e  r i s k  can b e  approximated by P ( X  > Q) n/T. 
Equat ion 35  o r  F ig .  39 can a l s o  b e  used t o  determine t h e  r i s k  f o r  
t h e  remaining n  - n '  yea r  of a  p r o j e c t  des igned  w i th  a  r e t u r n  per iod  of T y e a r s  
a f t e r  i t  h a s  s u c c e s s f u l l y  surv ived  n '  y e a r s  of  i t s  expected l i f e  of n  y e a r s .  
The s imple  r i s k  involved f o r  p r o j e c t s  designed w i th  T = n > 2 can be  
found from Eq. 35 o r  F ig .  39 t o  be  s l i g h t l y  more t h a n  602. Equat ion 35 o r  
F ig .  39 can a l s o  b e  used t o  e v a l u a t e  t h e  u n c e r t a i n t y  involved f o r  rank  1 
(maximum) even t  i n  l i m i t e d  record  of d a t a .  For an  even t  w i th  rank  m t h e  
p r o b a b i l i t y  of occur rence  X > ? equa l  t o  o r  more than  m t imes i n  n  y e a r  p e r i o d  
m 
can be  der ived  from b inomia l  d i s t r i b u t i o n  a s  
m- 1 
n!  1 r 1 n-r P ( X > T ) ) = l -  1 
m m r l  (n  - r )  ! (TI ( 1  - T I  
m m 
r = O  
The e v a l u a t i o n  of t h e  s imple  r i s k  by Eq. 35 o r  Fig .  39 depends on ne i -  
t h e r  t h e  type of d i s t r i b u t i o n  no r  t h e  p l o t t i n g  p o s i t i o n  of t h e  hydro log ic  d a t a .  
Only when e i t h e r  t h e  v a l u e  o r  t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  of Q i s  t o  be  
determined from s t a t i s t i c a l  d a t a  t h a t  knowledge on d i s t r i b u t i o n  and p l o t t i n g  
p o s i t i o n  of t h e  hydro log ic  d a t a  i s  r e q u i r e d .  
I n  a d d i t i o n  t o  t h e  s imple  r i s k  j u s t  d i s cus sed ,  t h e r e  a r e  o t h e r  r i s k s  
and u n c e r t a i n t i e s  involved which should be  cons idered  i n  hydro log ic  de s ign  of 
engineer in^ p r o j e c t s .  These r i s k s  and u n c e r t a i n t i e s  i n c l u d e  t h e  r i s k  due t o  
l i m i t e d  record  of d a t a  a v a i l a b l e  which can be  eva lua ted  by u s ing  Eqs. 35 and 
36 o r  P i g .  39,  and t h e  u n c e r t a i n t i e s  a r i s i n g  from t r ans fo rma t ion  of r a i n f a l l  
d a t a  t o  runoff  i n fo rma t ion ,  from us ing  a  p o i n t  record  t o  r e p r e s e n t  an a r e a  
i n fo rma t ion ,  and from t h e  u n c e r t a i n t y  of t h e  mathemat ical  t echn iques  i n  handl ing  
!? i-i n o 
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t h e  d a t a  and measurement e r r o r s .  Fur thermore,  t h e r e  a r e  u n c e r t a i n t i e s  
concern in^ t h e  r e l i a b i l i t y  of t h e  h y d r a u l i c  e q u a t i o n s  and f r i c t i o n  f a c t o r s  
used ,  and non-hydraul ic  u n c e r t a i n t i e s  l i k e  t h e  a c t u a l  condui t  s i z e ,  s u r f a c e  
roughness ,  a l ignment  and e l e v a t i o n  f o r  sewers ,  and t h e  f u t u r e  changes i n  
p h y s i c a l  c o n d i t i o n s  of t h e  d r a i n a g e  a r e a  w i t h  t i m e .  Some of t h e s e  
u n c e r t a i n t i e s  have no q u a n t i t a t i v e  f a c t u a l  i n f o r m a t i o n  and must b e  handled 
s u b j e c t i v e l y  based on judgement, e x o e r i e n c e ,  and i n t u i t i o n .  T r a d i t i o n a l l y ,  
i n  e n g i n e e r i n g  d e s i g n  a  s a f e t y  f a c t o r  is i n t r o d u c e d  t o  account  f o r  t h e  
s u b j e c t i v e  u n c e r t a i n t i e s .  Yet t h e r e  i s  no s c i e n t i f i c  r a t i o n a l  method t o  
d e t e r m i n e  t h e  s a f e t y  f a c t o r  f o r  a h y d r a u l i c  p r o j e c t .  
A method based on t h e  extended r e l i a b i l i t y  concept  t o  account  f o r  
t h e  u n c e r t a i n t i e s  h a s  been proposed i n  t h i s  r e s e a r c h  p r o j e c t  (Yen and Aug, 
1971) .  I n  p r o b a b i l i s t i c  a n a l y s i s  of h y d r a u l i c  p r o j e c t s ,  t h e  d e s i g n  of t h e  
e n g i n e e r i n g  system may b e  subd iv ided  i n t o  t h r e e  components; namely, t h e  
h y d r o l o g i c  a n a l y s i s ,  h y d r a u l i c  a n a l y s i s ,  and s t r u c t u r a l  a n a l y s i s ,  I n  t h e  
h y d r o l o g i c  a n a l y s i s ,  a  c o l l e c t i o n  of r u n o f f  d a t a  f o r  a  f i n i t e  p e r i o d  i s  
u s u a l l y  a v a i l a b l e ,  e i t h e r  from d i r e c t  measurement o r  through t r a n s f o r m a t i o n  
from p r e c i p i t a t i o n  d a t a  o r  o t h e r  s y n t h e t i c  means. Rased on f requency a n a l y s i s  
w i t h  a n  assumed d i s t r i b u t i o n  of t h e  d a t a ,  a  r e f e r e n c e  runof f  r a t e  Q can b e  
found f o r  d e s i g n  c o n s i d e r a t i o n .  For  a  g i v e n  r e t u r n  p e r i o d  T  = l /P (X > Q) of 
t h e  f l o o d  X,  w i t h  an expected l i f e  of n  y e a r s  f o r  t h e  p r o j e c t ,  t h e  p r o b a b i l i t y  of 
o f  f a i l u r e  can b e  o b t a i n e d  from E q .  35. From t h e  assumed d i s t r i b u t i o n  of t h e  
presumably random v a r i a b l e  X,  t h e  v a l u e  of Q can b e  found s i n c e  
where p(X) i s  t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  of t h e  f l o o d  ( F i g .  40) .  
F I G .  40. PROBABILITY DENSITY FUNCTION O F  HYDROLOGIC EVENT 
p(N)  -Assumed Lognormal 
N 
F I G .  41. ASSUMED DENSITY FUNCTION O F  THRESHOLD SAFETY NUMBER N 
With t h e  value of 0 known, f u r t h e r  hydrologic  and hydrau l i c  a n a l y s i s  
can he made. Usually t h e  design flow capac i ty  Q i s  taken t o  be  a r e a t e r  than  b 
? t o  account f o r  t h e  s u b j e c t i v e  u n c e r t a i n t i e s .  Thus, t h e  adopted s a f e t y  
f a c t o r  (o r  judgement f a c t o r )  i n  hydrologic  and hydrau l i c  design i s  equal  t o  
0 10 = w. b  
F a i l u r e  of hydrau l i c  design may be defined a s  (X > Qb/w) n (N > w ) ,  i n  
which N i s  t h e  s a f e t y  f a c t o r  requi red  by v i r t u e  of t h e  s u b j e c t i v e  uncertain-  
t i e s .  I n  order  t o  permit a  p r o b a b i l i s t i c  a n a l y s i s ,  N i s  considered a s  a  random 
v a r i a b l e .  Accordingly, t h e  r i s k  of f a i l u r e  i s  
i n  which P(N > w) i s  n e c e s s a r i l y  a  s u b j e c t i v e  p robab i l i t y .  I n  p r a c t i c e  i t  w i l l  
s u f f i c e  t o  assume N t o  be  a  lognormal v a r i a t e  with mean equal  t o  1 . 0  and 
s tandard  dev ia t ion  a  represent ing  a  measure of t h e  s u b j e c t i v e  u n c e r t a i n t i e s  
(Fig.  41).  Thus, i f  t h e  s u b j e c t i v e  u n c e r t a i n t i e s  c o n s i s t  of e r r o r  i n  da t a  
sampling, inaccuracy i n  convert ing p r e c i p i t a t i o n  d a t a  t o  runoff information,  and 
o t h e r s ,  which a r e  determined on t h e  b a s i s  of judgement t o  be  o 1, O2, - - . ,  re- 
% 
s p e c t i v e l y ,  then  o i s  given (approximately a t  l e a s t )  by o = (o12 + o * + . . .) . N 2 
Since w can be  r e l a t e d  t o  o t h e  p r o b a b i l i t y  P(N > w) can be N ' 
ca l cu la t ed  f o r  a  given w t o  account f o r  t h e  s u b j e c t i v e  u n c e r t a i n t i e s .  Conversely, 
i f  P(N > w) i s  s p e c i f i e d ,  t h e  app ropr i a t e  va lue  of w can be evaluated.  Hence, 
i n  an engineering des ign ,  i f  t h e  app ropr i a t e  and acceptab le  va lues  of P(X > Q) 
and w a r e  s p e c i f i e d  and i f  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of X i s  known o r  assumed, 
t h e  corresponding va lues  of Q and Qb can be  determined. 
S ince  t h e  t r u e  p r o b a b i l i t y  d i s t r i b u t i o n  of X (o r  Q) i s  usua l ly  
unknown, o f t e n  a  c e r t a i n  d i s t r i b u t i o n  func t ion  i s  assigned t o  i t .  Hence, i d e a l l y ,  
t h e  p r o b a b i l i s t i c  hydrologic  and hydrau l i c  design should not  be s e n s i t i v e  t o  
t h e  type of t h e  assumed d i s t r i b u t i o n  func t ions .  It has  been shown (Yen and ,4ng, 
1971) t h a t  when t h e  p r o b a b i l i t y  of f a i l u r e  i s  s m a l l e r  t h a n  l ov3  i t  becomes 
s e n s i t i v e  t o  t h e  type  of d i s t r i b u t i o n  f u n c t i o n .  T h e r e f o r e ,  from Eq. 38,  P (X  > Q) 
-3 
can b e  k e p t  g r e a t e r  t h a n  10 by i n c o r p o r a t i n g  w i t h  t h e  a p p r o p r i a t e  v a l u e  of 
P(N > w). It shou ld  b e  no ted  h e r e  t h a t  i n  most of t h e  c o n v e n t i o n a l  d e s i g n  of 
-3 
minor h y d r a u l i c  s t r u c t u r e s  t h e  v a l u e s  of P(X > 4) a r e  much g r e a t e r  t h a n  1 0  , 
i . e . ,  co r responding  t o  an average  f l o o d  r e t u r n  p e r i o d  much s h o r t e r  t h a n  once 
every  one thousand y e a r s .  However, f o r  major h y d r a u l i c  s t r u c t u r e s ,  t h e  
a c c e p t a b l e  r i s k  of f a i l u r e  would b e  i n  t h e  o r d e r  of o r  s m a l l e r .  
Moreover, o f t e n  t h e  a c t u a l  c a p a c i t y  of t h e  h y d r a u l i c  s t r u c t u r e ,  O 
a  ' 
i s  g r e a t e r  than  Q due t o  p r a c t i c a l  r eason .  For  i n s t a n c e ,  i n  sewer d e s i g n  t h e  b  
computed d i a m e t e r  is u s u a l l y  an  odd s i z e  and hence t h e  n e x t  commercially a v a i l -  
a b l e  s i z e  of p i p e  is used.  I n  e f f e c t ,  t h i s  p r o v i d e s  a n  a d d i t i o n a l  s a f e t y  
f a c t o r  of (Qa - Q ~ ) / Q .  Hence, t h e  a c t u a l  s a f e t y  f a c t o r  i s  e q u a l  t o  w  + (Q - 
a  
9,119 = Qa19 
The r e l i a b i l i t y  a n a l y s i s  j u s t  d e s c r i b e d  p r o v i d e s  n o t  on ly  a s c i e n t i f i c  
a p ~ r o a c h  i n  de te rmin ing  t h e  s a f e t y  f a c t o r  b u t  a l s o  a  r a t i o n a l  b a s i s  f o r  d e s i g n  
of s to rm sewers  and o t h e r  h y d r a u l i c  s t r u c t u r e s .  Examples on a p p l i c a t i o n  of t h e -  
r i s k  a n a l y s i s  f o r  d e s i g n  of s to rm sewers f o r  b o t h  t h e  r e c u r r i n g  t y p e  f l o o d  
p r o t e c t i o n  f a i l u r e  and c a t a s t r o p h i c  t y p e  f a i l u r e  have been p r e s e n t e d  e l sewhere  
(Yen and Ang, 1971) .  F u r t h e r  s t u d i e s  have a l s o  been c a r r i e d  o u t  under t h e  OWRR 
T i t l e  I1 P r o j e c t  C-4123 (Tang and Yen, 1972) .  
I X .  PRELIMINARY INVESTIGATION ON OPTIMAL 
DESIGN OF STORM SIZWER SYSTEM 
From a  p r a c t i c a l  v iewpoin t ,  t h e  most u s e f u l  end r e s u l t s  of any 
r e s e a r c h  on urban s torm runoff  problems, l i k e  t h i s  p r o j e c t ,  a r e  an a c c u r a t e  
b u t  r e l a t i v e l y  s imple  f low p r e d i c t i o n  method and an op t imal  de s ign  method 
account ing  f o r  a l l  t h e  i n f l u e n t i a l  f a c t o r s .  The ISS Model, o r  a  s i m p l i f i e d  
v e r s i o n  of i t  i f  d e s i r e d ,  s a t i s f i e s  t h e  former  o b j e c t i v e .  A s  t o  t h e  
op t ima l  de s ign  method, non-engineering f a c t o r s  such  a s  c o s t ,  damages, and 
b e n e f i t s  should a l s o  h e  cons idered .  Because i n  t h i s  r e s e a r c h  p r o j e c t  e f f o r t s  
a r e  concen t r a t ed  on t h e  h y d r a u l i c  and hyd ro log i c  a s p e c t s  of s torm d ra inage  
systems,  t h e  ISS Model p rov ides  a  scheme f o r  op t im iza t i on  i n  terms of 
h y d r a u l i c  c o n s i d e r a t i o n s .  With t h e  l i m i t a t i o n s  of t i m e ,  manpower, and 
f i n a n c i a l  r e s o u r c e s ,  and scope of t h i s  r e s e a r c h  p r o j e c t ,  on ly  a  p r e l im ina ry  
f e a s i b i l i t y  i n v e s t i g a t i o n  on t h e  ove r - a l l  op t imal  de s ign  method f o r  storm 
sewer systems ha s  been i n i t i a t e d .  Such a  h igh  accuracy system cos t -bene f i t  
op t imiza t io r .  would n o t  only b e  u s e f u l  by d i r e c t  a p p l i c a t i o n  t o  s torm 
d ra inage  systems b u t  a l s o  p rov ide  a  means t o  v e r i f y  t h e  l i m i t a t i o n s  on 
l e s s  a c c u r a t e  bu t  l e s s  expensive des ign  models which would be  u s e f u l  f o r  
small low c o s t  s to rm d ra inage  systems.  
From f low op t im iza t i on  v iewpoin t ,  one p o s s i b l e  o b j e c t i v e  is t o  
minimize t h e  peak d i s cha rge  a t  c e r t a i n  g iven  l o c a t i o n s  such a s  a  pumping 
s t a t i o n  o r  t h e  e f f l u e n c e  t o  a  t rea tment  p l a n t .  C e r t a i n  c o n s t r a i n t s  a r e ,  of 
course ,  necessa ry  f o r  t h e  components of t h e  d r a inage  system upstream from t h e  
l o c a t i o n  of i n t e r e s t .  Otherwise t h e  t r i v i a l  s o l u t i o n  of a  l a r g e  upstream 
s t o r a g e  would be  r e s u l t e d .  I t  h a s  been found t h a t  such a  f low op t im iza t i on  
can be  approximately  achieved by u s ing  t h e  ISS Model w i t h  t h e  a i d  of a  l a r g e  
computer. It should be  mentioned h e r e  t h a t  based on t h e  exper ience  ob ta ined  
i n  t h i s  s t u d y ,  from computat ional  e f f i c i e n c y  v iewpoin t ,  i t  i s  d e s i r a b l e  
to  modify t h e  ISS Model i n  t h e  f u t u r e  i n t o  two d i f f e r e n t  models; namely, one 
f o r  f low p r e d i c t i o n  w i th  t h e  phys iographic  c h a r a c t e r i s t i c s  of t h e  sewer system 
known o r  determined;  t h e  o t h e r  a  de s ign  model w i th  t h e  s i z e  and/or  s l o p e  of 
t h e  sewers and j unc t i ons  t o  be  determined b u t  t h e  requirement  f o r  t h e  accuracy  
of f low c a l c u l a t i o n s  can b e  somewhat r e l axed .  However, such a modif ied de- 
s i gn -o r i en t ed  model by cons ide r i ng  on ly  t h e  h y d r a u l i c s  and hydrology of s torm 
runof f  h a s  no t  been f u r t h e r  pursued i n  t h i s  r e s e a r c h  p r o j e c t  p a r t l y  because 
t h e  ISS Model can do t h e  job and mos t ly  because t h e  r i sk - cos t -bene f i t  
c o n s i d e r a t i o n  i s  an impor tan t  f a c t o r  i n  de s ign  s t r a t e g y  and cannot  b e  neg l ec t ed .  
Neve r the l e s s ,  i t  ha s  been found t h a t  t h e  ISS Model, and presumably 
i t s  des ign-or ien ted  mod i f i c a t i on ,  is no t  s u i t a b l e  t o  b e  i nco rpo ra t ed  d i r e c t l y  
i n t o  t h e  o v e r - a l l  op t ima l  de s ign  method because of t h e  l a r g e  computer 
c a p a b i l i t y  and t ime r e q u i r e d  f o r  t h e  model. With t h e  s i z e  of computers a t  
p r e s e n t ,  t h e  ISS Model by u s ing  t h e  S t .  Venant equa t i ons  l e a v e s  l i t t l e  room f o r  
a  compat ible  c o n s i d e r a t i o n s  on r i s k ,  c o s t ,  damage, and b e n e f i t .  Hence, a  
s i m p l i f i e d  f low e v a l u a t i o n  model should b e  used i n  developing t h e  method f o r  
co s t -bene f i t  op t im iza t i on .  
An i n v e s t i g a t i o n  is  f i r s t  made on an approxtmate sys tem-cos t  
op t im iza t i on  by u s ing  t h e  Manning's formula t o  d e s c r i b e  approximately  t h e  flow. 
The c o s t  i s  assumed t o  b e  descr ibed  mathemat ica l ly  by two f u n c t i o n s ,  one f o r  
t h e  c o s t  of m a t e r i a l s  and t h e  o t h e r  f o r  t h e  c o s t  of i n s t a l l a t i o n .  Of course ,  
maintenance c o s t  and r i s k  f u n c t i o n s  should  e v e n t u a l l y  b e  added bu t  a r e  no t  
cons idered  a t  t h i s  s t a g e .  I t  ha s  been found t h a t  w i th  t h e s e  assumptions  t h e  
system op t i m iza t i on  is p o s s i b l e  a l though d i f f i c u l t .  It  h a s  a l s o  been found 
t h a t  a  s i m i l a r  s i m p l i f i e d  approximate system c o s t  o p t i m i z a t i o n  scheme by u s ing  
Flanning's formula w a s  proposed i n  a  r a r e l y  known r e p o r t  e n t i t l e d  "Sewer System 
Cost Es t ima t i on  Model" by Alan M. Voorhees & Assoc i a t e s ,  I n c .  (1969) f o r  t h e  
Ba l t imore  Regional  Planning Council  w i t h  a  g r a n t  from HUD. Hence , i t  was 
decided t h a t  t h e  f e a s i b i l i t y  of a  h igh  l e v e l  accuracy sy s t em-cos t  op t im iza t i on  
scheme by cons ide r i ng  t h e  e f f e c t s  of f l ow  uns t ead ine s s  and sewer s t o r a g e  b e  
i n v e s t i g a t e d  . 
As po in t ed  o u t  i n  Chapter 11, i n s t e a d  of u s ing  t h e  completed S t .  
Venant equa t i ons  t o  d e s c r i b e  t h e  unsteady f low i n  t h e  sewers ,  s imp le r  models 
can b e  used i f  h igh  accuracy i s  n o t  r equ i r ed .  Among t h e  v a r i o u s  approximate  
models,  t h e  l i n e a r  diffusion-wave model and t h e  non l i nea r  kinematic-wave model 
appear  t o  b e  most promising.  
The n o n l i n e a r  kinematic-wave model has  t h e  advantage of s i m p l i c i t y ,  
is  more widely  known, and has  been promoted f o r  use  i n  over land  f low and 
channel  f low hy Flooding (1965) ,  Eagleson (1970) ,  and many o t h e r s .  But i t  f a i l s  
t o  a t t e n u a t e  t h e  storm hydrographs and s imply r o u t e s  them through sewers w i t h  
no m o d i f i c a t i o n  except  a  t ime l a g .  I t s  accuracy i s  r e l a t i v e l y  much l e s s  t han  
t h a t  by t h e  l i n e a r  diffusion-wave model. The l i n e a r  di f fus ion-wave model is  
capab le  t o  account  f o r  s torm f l ood  f low a t t e n u a t i o n  and i s  more a c c u r a t e  w i t h  
on ly  a  s l i g h t  i n c r e a s e  i n  computor t ime a s  compared t o  t h e  kinematic-wave 
method. However, f o r  unsteady nonuniform f low such a s  s torm runof f  i n  sewers ,  
t h e  de t e rmina t i on  of t h e  l i n e a l i z a t i o n  parameters  i s  t r i c k y  and sometimes 
d i f f i c u l t .  
A p o s s i b l e  a l t e r n a t i v e  approach t o  i n c o r p o r a t e  t h e  unsteady f low i n  
sewers i n  t h e  op t im iza t i on  i s  t o  u t i l i z e  t h e  nondimensional r e l a t i o n s h i p s  
between t h e  peak d i s cha rge  a s  w e l l  a s  i t s  t ime  of occur rence  and t h e  sewer 
and i n f l ow  c h a r a c t e r i s t i c s  a s  shown i n  F i g s .  7  and 8. However, a  method must 
b e  developed t o  account  f o r  t h e  t ime d i f f e r e n c e  of t h e  peak d i s cha rges  of t h e  
j oing ing  sewers.  
Obviously ,  t h e  development of a  system cos t -bene f i t  op t im iza t i on  
de s ign  method i s  extremely complicated and d i f f i c u l t .  The p r e l im ina ry  
f e a s i b i l i t y  i n v e s t i g a t i o n  i n d i c a t e s  t h a t  f u r t h e r  s t udy  i s  worthwhile .  With 
t h e  background information obtained from t h i s  p r o j e c t  a s  w e l l  a s  from e l se -  
where, a t tempts  a r e  being made t o  develop an opt imal  des ign  approach f o r  
storm sewer system under another  research  p r o j e c t ,  OWRR C-4123. 
X. CONCLUSIONS 
A s  s t a t e d  i n  t h e  o r i g i n a l  p r o j e c t  p roposa l ,  "The main o b j e c t i v e  of 
t h i s  r e s e a r c h  is  t o  develop methods f o r  q u a n t i t a t i v e  p r e d i c t i o n  of a  s torm 
f l ow  a t  v a r i o u s  l o c a t i o n s  of an  urban d r a inage  system by u t i l i z i n g  t h e  modern 
development i n  hydrology,  f l u i d  mechanics,  and systems concep t s ,  and by 
cons ide r i ng  t h e  urban s u r f a c e  a r e a s ,  t h e  g u t t e r  and i n l e t  d e v i c e s ,  t h e  sewer 
b ranches ,  j u n c t i o n s ,  manholes, and o t h e r  r e l a t e d  s t r u c t u r e s  a s  an i n t e g r a t e d  
s to rm d ra inage  system.' '  Th is  o b j e c t i v e  ha s  been achieved and f u l f i l l e d  w i t h  
t h e  development of t h e  method t o  p r e d i c t  t h e  t i m e  d i s t r i b u t i o n  of s u r f a c e  
runof f  i n t o  i n l e t  c a t c h  b a s i n s  and t h e  ISS Model t o  r o u t e  t h e  i n l e t  hydrographs 
through sewer network systems.  The equa t i ons  d e s c r i b i n g  f low of storm r u n o f f s  
and t h e  methods of s o l u t i o n s  have been c r i t i c a l l y  reviewed f o r  s e l e c t i o n  of 
t h e  most d e s i r a b l e  equa t i ons  and s o l u t i o n  methods t o  s o l v e  s torm runof f  
problems. The r e l i a b i l i t y  of t h e  S t .  Venant f low equa t i ons  and s o l u t i o n  method 
adopted i n  t h i s  s tudy  ha s  been v e r i f i e d  by comparing t h e  computed r e s u l t s  w i t h  
a v a i l a b l e  l a b o r a t o r y  d a t a  f o r  s i n g l e  sewers .  Example of a p p l i c a t i o n  of t h e  
ISS Model t o  sewer network i s  i l l u s t r a t e d  by u s ing  an  example sewer system 
showing t h e  v e l o c i t y ,  dep th ,  and d i s cha rge  of t h e  flow a t  any t i m e  and any 
d e s i r e d  l o c a t i o n s  i n  t h e  system. The r e s u l t  r e v e a l s  t h a t  convent iona l  f low 
p r e d i c t i o n  methods a r e  inadequa te  because t h e y  e i t h e r  f a i l  t o  account  f o r  t h e  
backwater e f f e c t s  i n  t h e  mutua l ly  in f luenced  sewers o r  g i v e  on ly  an approximated 
peak f low r a t e .  b 
I n  a d d i t i o n ,  a  method ha s  been developed based on r i s k  a n a l y s i s  f o r  
de t e rmina t i on  of des ign  r a in s to rm ,  and t hen  f u r t h e r  extended f o r  a  s c i e n t i f i c  
approach t o  determine t h e  f a c t o r  of s a f e t y  i n  h y d r a u l i c  and hydro log ic  de s ign .  
The r e s e a r c h  r e s u l t  a l s o  i n d i c a t e s  t h a t  a  new engineer ing  de s ign  method based 
on r i sk - cos t -bene f i t  c o n s i d e r a t i o n  i s  promising.  
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ABSTRACT: By using the probability theory i t  has  been shown that for any hydrologic 
design with a ccrtain rc turn pcriod and expecte~d life of a projcct there  i s  always a 
calculated r i sk  of failure involved. F o r  a t ime invariant hydrologic system this 
simple r i sk  can be computed. Conversely, if the expected project life and the s imple  
r i sk  a r e  lu~own, the corresponding design re turn period can be delermineJ .  Such a 
determination of the re turn period i s  independent of the type of distribution and the 
plotting position of the hydrologic data. Fur thermore,  there a r e  additional r i sks  and 
uncertainties involved which should be considered in hydrologic design of engineering 
projects  such a s  those due to limited record of data  available, using rainfall  r eco rds  
to synthesize runoff information, stochastic nature  of the hydrologic system,  and the 
techniques utilized in the mathematical processing of the data. 
REFERENCE: Yen, Be11 Chie, "Risks in Hydrologic Design of Engineering Projects ,"  
Journal of the Hydraulics Division, ASCE, Vol.  96, No. HY.1, P m c .  Pape r  7229, April, 
1970, pp. 959-966. 
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SYNOPSIS 
I n  eng inee r i ng  des ign  of h y d r a u l i c  p r o j e c t s  i t  i s  o f t e n  nece s sa ry  
t o  make use  of s t a t i s t i c a l  d a t a .  Two types  of u n c e r t a i n t i e s  are invo lved  i n  
t h e  de s ign ;  namely, t h e  o b j e c t i v e  and s u b j e c t i v e  u n c e r t a i n t i e s .  T r a d i t i o n a l l y ,  
i n  h y d r a u l i c  p r o j e c t s  t h e  r e l i a b i l i t y  of t h e  p r o j e c t  a s  a  system i s  n o t  e s t i -  
mated due mainly t o  t h e  d i f f i c u l t y  i n  e s t i m a t i n g  t h e  s u b j e c t i v e  u n c e r t a i n t i e s .  
I n  t h i s  s t udy ,  a  new approach f o r  r e l i a b i l i t y  de s ign  of hyd rau l i c  p r o j e c t s  
i s  proposed. The approach i s  based on t h e  p r o b a b i l i s t i c  r e l i a b i l i t y  t heo r y ,  
which ha s  been used e x t e n s i v e l y  i n  s t r u c t u r a l  and systems a n a l y s e s ,  w i t h  
a p p r o p r i a t e  ex t ens ion  and mod i f i c a t i on .  The t o t a l  a ccep t ab l e  p r o j e c t  r i s k  
i s  subdiv ided  among t h e  p r o j e c t  components f o r  des ign  purposes .  The r i s k s  
a s s o c i a t e d  w i t h  t h e  s u b j e c t i v e  and o b j e c t i v e  u n c e r t a i n t i e s  a r e  handled 
s e p a r a t e l y .  The de s ign  of a  s to rm sewer is  used a s  an example, A l t e r n a t i v e l y ,  
t h e  proposed approach can be  used t o  e s t i m a t e  t h e  p r o j e c t  r e l i a b i l i t y  impl ied  
i n  convent iona l  des ign  procedures  and prov ides  a  s c i e n t i f i c  b a s i s  f o r  
e v a l u a t i n g  t h e  p roper  s a f e t y  f a c t o r  r equ i r ed .  
STOCHASTIC HYDRAULICS 
Proceedings  of t h e  F i r s t  
I n t e r n a t i o n a l  Symposium on 
S t o c h a s t i c  Hydrau l ics  
(P i t t sbu rgh ,  May 31-June 2 ,  1971) 
pp,  694-709 
( 4 )  ABSTRACT 
SPATIALLY VARIED OPEN-CHANNEL FLOW EQUATIONS 
Recent development and improvement i n  numer ica l  t e c h n i q u e s  and computer 
c a p a b i l i t y  e n a b l e s  more a c c u r a t e  numer ica l  s o l u t i o n s  of s p a t i a l l y  v a r i e d  
f low problems s u c h  a s  v a r i o u s  phases  of urban s to rm r u n o f f s .  Consequent ly ,  
i t  i s  d e s i r a b l e  t o  re-examine fundamenta l ly  t h e  c o m p e t i b i l i t y  of t h e  f low 
e q u a t i o n s  used i n  s o l v i n g  unsteady s p a t i a l l y  v a r i e d  f l o w  problems.  To 
a c h i e v e  t h i s  g o a l ,  t h e  c o n t i n u i t y ,  momentum, and energy  e q u a t i o n s  f o r  un- 
s t e a d y  nonuniform f low of  an  i n c o m p r e s s i b l e  v i s c o u s  nonhomogeneous f l u i d  
w i t h  l a t e r a l  f low i n t o  o r  l e a v i n g  a  channe l  of a r b i t r a r y  geometry i n  c r o s s  
s e c t i o n  and a l ignment  a r e  fo rmula ted  i n  i n t e g r a l  form f o r  a  c r o s s  s e c t i o n  
by u s i n g  t h e  L e i b n i t z  r u l e .  The r e s u l t e d  e q u a t i o n s  a r e  then  t ransformed 
i n t o  one-dimensional  form by i n t r o d u c i n g  t h e  n e c e s s a r y  c o r r e c t i o n  f a c t o r s  
and t h e s e  e q u a t i o n s  can b e  regarded  a s  t h e  u n i f i e d  open-channel f low equa- 
t i o n s  f o r  i n c o m p r e s s i b l e  f l u i d s .  The f low r e p r e s e n t e d  by t h e s e  e q u a t i o n s  
can be  t u r b u l e n t  o r  l a m i n a r ,  r o t a t i o n a l  o r  i r r o t a t i o n a l ,  s t e a d y  o r  uns teady ,  
uniform o r  nonuniforni, g r a d u a l l y  o r  r a p i d l y  v a r i e d ,  s u b c r i t i c a l  o r  super-  
c r i t i c a l ,  w i t h  o r  w i t h o u t  s p a t i a l l y  and t empora l ly  v a r i a b l e  l a t e r a l  d i s c h a r g e .  
Flow e q u a t i o n s  f o r  c e r t a i n  s p e c i a l  c a s e s  a r e  deduced from t h e  d e r i v e d  g e n e r a l  
e q u a t i o n s  f o r  t h e  convenience  of p o s s i b l e  p r a c t i c a l  u s e s .  Conven t iona l ly  
used v a r i o u s  e q u a t i o n s  f o r  open-channel f lows  a r e  shown t o  be s i m p l i f i c a -  
t i o n s  and approx imat ions  of s p e c i a l  c a s e s  of  t h e  g e n e r a l  e q u a t i o n s .  The 
i n h e r e n t  d i f f e r e n c e  between t h e  f low e q u a t i o n s  d e r i v e d  based  on t h e  energy 
and momentum concep t s  i s  d i s c u s s e d .  P a r t i c u l a r  emphasis i s  g i v e n  t o  t h e  
d i f f e r e n c e s  among t h e  energy d i s s i p a t i o n  c o e f f i c i e n t ,  t h e  f r i c t i o n a l  r e s i s t -  
ance  c o e f f i c i e n t ,  and t h e  to ta l -head  l o s s  c o e f f i c i e n t .  Common h y d r a u l i c  
p r a c t i c e  of u s i n g  t h e  Chezy, Manning, o r  Weisbach fo rmulas  t o  e v a l u a t e  t h e  
d i s s i p a t e d  energy  g r a d i e n t  o r  t h e  f r i c t i o n  s l o p e  i s  on ly  a n  approx imat ion .  
Yen, Ben Chie 
SPATIALLY VARIED OPEN-CHANNEL FLOW EQUATIONS 
T e c h n i c a l  Report  t o  O f f i c e  of  Water Resources Research,  Department of t h e  
I n t e r i o r ,  Washington, D . C . ,  December 1971,  v i i  + 63 pp.  
KEYWORDSaenergy e q u a t i o n /  f low r e s i s t a n c e /  f l u i d  mechanics/  homogeneous 
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9107 COEFFICIENTS FOR STEADY SPATIALLY VARIED FLOW I 
KEY WORDS: Flow resistance; Friction; Head losses; Hydraulics; 
Nonuniform flow; Open channel flow; Overland flow; Rainfall; Water flow 
ABSTRACT: In spatially varied flow three coefficients in Weisbach f form are 
involved which are sometimes termed resistance coefficients. They are the frictional 
resistance coefficient, the dissipated energy coefficient, and the total head-loss 
coefficient. In general these three coefficients are not equal whether there is lateral 
flow or not. Only for steady uniform flow without lateral flow are these three 
coefficients equal to one another and to the corresponding f in the Moody diagram. 
Theoretical solution of steady two-dimensional Stokes flow with lateral flow is obtained 
to, show the difference among these three coefficients. Experimental data for steady 
two-dimensional sheet flow under simulated rainfall are also analyzed to illustrate 
numerically the variations of these coefficients. In practice, hydraulic engineers should 
keep in mind the difference in these different resistance coefficients, to avoid 
unnecessary errors. 
REFERENCE: Yen, Ben Chie, Wenzel, Harry G., Jr;: and Yoon, Yong Nam, 
"Resistance Coefficients for Steady Spatially Varied Flow, Journal o f  the Hydraulics 
Division, ASCE, Vol. 98, No. HY8, Proc. Paper 9107, August, 1972, pp. 1395-1410 
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SYNOPSIS 
Hydro log ic  r o u t i n g  of f l o o d s  i n v o l v e s  o n l y  t h e  c o n t i n u i t y  e q u a t i o n  
of  t h e  f l o w  whereas  i n  h y d r a u l i c  r o u t i n g  u s u a l l y  t h e  momentum e q u a t i o n  and  
sometimes t h e  e n e r g y  e q u a t i o n  i s  a l s o  u s e d .  The most  commonly used  f l o w  
e q u a t i o n s  i n  h y d r a u l i c  r o u t i n g  a r e  t h e  S t .  Venant  e q u a t i o n s  f o r  which no 
e x p l i c i t  s o l u t i o n  e x i s t s .  P r e v i o u s l y  proposed  c o m p u t a t i o n a l  t e c h n i q u e s  t o  
o b t a i n  n u m e r i c a l  s o l u t i o n s  f o r  t h e  S t .  Venant e q u a t i o n s  can  b e  c a t e g o r i z e d  
i n t o  t h e  e x p l i c i t  f i n i t e  d i f f e r e n c e  schemes,  i m p l i c i t  f i n i t e  d i f f e r e n c e  
schemes,  and method of  c h a r a c t e r i s t i c s .  A c o m p a r a t i v e  i n v e s t i g a t i o n  h a s  
been made i n  t h i s  s t u d y  on t h e  r e l a t i v e  m e r i t s  o f  t h e s e  t h r e e  schemes w i t h  
r e s p e c t  t o  convergence  and c o m p u t a t i o n a l  s p e e d .  Improved c o m p u t a t i o n a l  
methods have  b e e n  proposed  f o r  t h e  l a t t e r  two schemes w i t h  computer  r e s u l t s  
p l o t t e d  f o r  compar i son .  Through n u m e r i c a l  examples i t  i s  shown t h a t  a  second  
o r d e r  f o r m u l a t i o n  of t h e  method of c h a r a c t e r i s t i c s  and an i m p l i c i t  scheme 
c a n o n i c a l  f o r m u l a t i o n  of  t h e  c h a r a c t e r i s t i c  e q u a t i o n s  a r e  s u p e r i o r  t o  o t h e r  
schemes.  
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Ahmet Suha Sev ik ,  Ph.D. 
Department o f  C i v i  1  Eng ineer ing  
U n i v e r s i t y  o f  I l l i n o i s  a t  Urbana-Champaign, 1973 
The o b j e c t i v e  o f  t h i s  s t u d y  i s  t o  deve lop a  mathemat ical  s imu la -  
t i o n  model f o r  unsteady f r e e - s u r f a c e  f l o w s  i n  urban s torm sewer systems 
w i t h  p r e s c r i b e d  i n f l o w s .  The model i s  i n tended  t o  se rve  a  dua l  purpose, 
f l o w  p r e d i c t i o n  i n  e x i s t i n g  sewer systems and sys temat i c  h y d r a u l i c  des ign  
of t h e  s i z e  o f  t h e  sewers o f  an e n t i r e  sewer system. I n  t h e  developed 
model one-dimensional  equat ions o f  c o n t i n u i t y  and momentum f o r  g r a d u a l l y  
v a r i e d ,  unsteady, f r e e - s u r f a c e  f l o w ,  i . e . ,  t h e  S t ,  Venant equa t ions ,  a r e  
used t o  d e s c r i b e  t h e  sewer f l o w s .  A  comparat ive  s t u d y  o f  t h e  v a r i o u s  numer- 
i c a l  methods o f  s o l u t i o n  f o r  these equa t ions  f o r  f l o w  i n  s i n g l e  sewers i s  
made i n  an e f f o r t  t o  s e l e c t  t h e  most a p p r o p r i a t e  numer ica l  s o l u t i o n  t e c h n i -  
que, and t h e  numer ica l  s o l u t i o n s  a r e  v e r i f i e d  w i t h  a v a i l a b l e  exper imenta l  
da ta  f o r  unsteady f l o w  i n  s i n g l e  channels.  The s e l e c t e d  f i r s t - o r d e r  scheme 
o f  t h e  method o f  c t - ~ a r a c t e r i  s t i c s  f o r  nul-r~er ical  s o l u t i o n  i s  then i n c o r p o r a t e d  
w i t h  p o i n t -  and r e s e r v o i r - t y p e  j u n c t i o n s  f o r  ex tens ion  and a p p l i c a t i o n  t o  
t r e e - t y p e  sewer r ~ e t w o r k s  w i t h  no c losed  loops.  To account  f o r  t h e  mutual  
i n f l u e n c e  o f  f l o w s  i n  t h e  sewers and j u n c t i o n s ,  t h e  network  i s  cons idered 
t o  be cornposed o f  a  nurnber o f  over lapp ing  Y-segments. F o l l o w i n g  an appro- 
~ r i a t e  sequence these  segments a r e  so lved  one a t  a  t i m e  and then  t h e  s o l u -  
t i o n s  a r e  p ieced  t o g e t h e r  t o  g i v e  t h e  t i m e  v a r i a t i o n s  o f  d i scharge  depth 
and v e l o c i t y  throughout  t h e  e n t i r e  network.  I n  v iew o f  t h e  computat iona l  
d i f f i c u l t i e s ,  backwater f r o m  a  j u n c t i o n  i s  assumed t o  be c o n f i n e d  w i t h i n  
t h e  immediate a d j a c e n t  sewers, and t h e r e  a r e  no h y d r a u l i c  jumps o r  suraes 
i n s i d e  t h e  sewers. 
Computa t iona l  a1 g o r i  thm o f  t h e  proposed model w h i c h  i n c l  udes a  
s y s t e m a t i c  p rocedure  f o r  t h e  des ign  o f  sewer s i z e s  has been programmed i n  
PL/1 language. The program can be execu ted  on any d i s k  suppor ted d i g i t a l  
computer  system o f  t h e  s i z e  o f  I B M  360/75 o r  l a r g e r .  The proposed model 
has been a p p l i e d  t o  an example sewer system f o r  t h e  p r e d i c t i o n  o f  f l o w  
c o n d i t i o n s .  The f l o o d  waves a r e  found t o  a t t e n u a t e  s i g n i f i c a n t l y  w h i l e  
p r o p a g a t i n g  a l o n g  t h e  i n d i v i d u a l  sewers. The backwater  e f f e c t s  and sub- 
s e q u e n t l y  t h e  d e t e n t i o n  s t o r a g e  i n  sewers have been found i m p o r t a n t  i n  
r o u t i n g  s t o r m  i n f l o w s  t h r o u g h  t h e  sewer system. Fur thermore,  f rom a  d e s i g n  . 
v i e w p o i n t ,  i t  i s  s i g n i f i c a n t  t o  f i n d  t h a t  t h e  backwater  e f f e c t s  may cause 
t h e  occu r rence  o f  t h e  l a r g e s t  f l o w  dep th  a t  t h e  e x i t  r a t h e r  t h a n  a t  t h e  
e n t r a n c e  o f  a  sewer. The r e s u l t s  a l s o  i n d i c a t e  t h e  impor tance  o f  p r o p e r  
r e p r e s e n t a t i o n  o f  t h e  j u n c t i o n  h y d r a u l i c  c h a r a c t e r i s t i c s  on d e t e r m i n i n g  
c o r r e c t l y  t h e  f l o w  i n  t h e  sewer system. The computed dep th ,  v e l o c i t y  and 
d i s c h a r g e  hydrographs f o r  v a r i o u s  l o c a t i o n s  o f  t h e  example sewer system a r e  
i n  agreement w i t h  t h e  p h y s i c a l  e x p e c t a t i o n .  
UNSTEADY GUTTER FLOW INTO GRATE INLETS 
A. 0 .  Akan 
ABSTRACT 
Runof f  from g u t t e r s  i n t o  i n l e t s  i s  u s u a l l y  an unsteady f low phenomenon 
and i s  i n v e s t i g a t e d  t h e o r e t i c a l l y  i n  t h i s  s tudy.  The S t .  Venant equa t ions  de- 
s c r i b i n g  unsteady g u t t e r  f l o w s  a re  so lved  n u m e r i c a l l y  by  us i ng  t h e  method o f  
c h a r a c t e r i s t i c s .  The d ischarge  i n t o  t h e  g r a t e  i n l e t  i s  then  determined approx i -  
ma te l y  w i t h  t h e  a i d  o f  p rev ious  exper imenta l  r e s u l t s .  Design curves a r e  p ro -  
posed f o r  a  g iven  t ype  o f  g u t t e r  and g r a t e  i n l e t  t o  determine t h e  r u n o f f  i n -  
t e r cep ted  by  t h e  i n l e t ,  and t he  use of o f  these curves i s  i l l u s t r a t e d  by an 
exampl e. 
INTEKI\IA'i'IONAI, ASSOCIATION FOR HYDRALKIC 
KESENtCH 
COMPARISON OF FOUR APPROACHES I N  ROUTING FLOOD WAVE 
THROUGH JUNCTION 
Ry A. Suha SEVU?, Graduate Research A s s i s t a n t ,  
and Ben Chic YEN, A s s o c i a t e  P r o f e s s o r  
Department of C i v i l  Eng ineer ing  
U n i v e r s i t y  o f  I l l i n o i s  a t  Urbana-Champaign 
Urbana,  I l l i n o i s  61801 USA 
I n  r o u t i n g  f l o o d s  through j u n c t i o n s  of open-channels,  t h e  computed 
p r o p a g a t i o n  of t h e  f l o o d  wave depends on t h e  assumption made concern ing  t h e  
p h y s i c a l  c o n d i t i o n s  of t h e  j u n c t i o n s .  Numerical r e s u l t s  of f l o o d  wave propaga- 
t i o n  through a t r e e  t y p e  channe l  network f o r  f o u r  d i f f e r e n t  assumed j u n c t i o n  
c o n d i t i o n s  a r e  g iven  a s  an example t o  i l l u s t r a t e  t h e  e f f e c t .  
ABSTRACT 
ILLINOIS STORM SEWER SYSTEM SIMULATION MODEL: USER'S MANUAL 
The I l l i n o i s  Storm Sewer System S imula t ion  Model i s  a  mathemat ical  model f o r  
sewer  d e s i g n  and flow p r e d i c t i o n  u t i l i z i n g  t h e  S t .  Venant e q u a t i o n s  t o  r o u t e  
unsteady f lows through t r e e - t y p e  sewer networks .  An over lapp ing  segment 
scheme i s  used i n  t h e  numer ica l  s o l u t i o n s  t o  account  f o r  t h e  backwater  e f f e c t s  
and mutua l  i n f l u e n c e s  of t h e  sewers and j u n c t i o n s .  The program i s  w r i t t e n  i n  
PL/1 and assembler  Language c o n s i s t i n g  of more t h a n  3000 s t a t e m e n t s  and can 
b e  execu ted  on most l a r g e  I B M  360 and 370 systems. User o r i e n t e d  i n f o r m a t i o n  
i s  prov ided  i n  t h i s  r e p o r t .  An example on sewer des ign  is  a l s o  given.  
Sevuk, A. Suha, Yen, Ben Chie,  and P e t e r s o n ,  Gordon E. 
ILLINOIS STORM SEWER SYSTEM SIMULATION MODEL: USER'S MANUAL 
Technica l  Report  t o  O f f i c e  of Water Resources Research,  Department of t h e  
I n t e r i o r ,  Washington, D. C . ,  Research Report  No. 74 , Water Resources C e n t e r ,  
U n i v e r s i t y  of I l l i n o i s ,  Urbana, I l l i n o i s ,  September 1973 
KEYWORDS--*computer models, d ra inage  sys tems ,  f l o o d  r o u t i n g ,  h y d r a u l i c s ,  
*hydrau l ic  d e s i g n ,  hydrograph,  mathemat ical  model, open-channel f low,  'ksimula- 
t i o n ,  *storm sewers ,  unsteady f low,  *urban runoff  
OPEN-CHANNEL FLOW EQUATIONS REVISITED 
ABSTRACT 
I n c r e a s i n g  s o p h i s t i c a t i o n  i n  t h e  manner of s o l v i n g  open-channel f low 
problems t o g e t h e r  w i t h  r e c e n t  development and improvement i n  computer c a p a b i l i t i e s  
and numer ica l  t echn iques  promotes a  fundamental  re-examination of t h e  open-channel 
f low e q u a t i o n s .  Equat ions  of c o n t i n u i t y ,  momentum, and energy i n  i n t e g r a l  form a r e  
h e r e  fo rmula ted  by i n t e g r a t i n g  over  t h e  c r o s s  s e c t i o n  t h e  corresponding e q u a t i o n s  
f o r  a  p o i n t  and then t ransformed i n t o  one-dimensional form by i n t r o d u c i n g  t h e  nec- 
e s s a r y  c o r r e c t i o n  f a c t o r s .  These one-dimensional e q u a t i o n s  can b e  regarded  a s  t h e  
u n i f i e d  g e n e r a l  open-channel f low e q u a t i o n s .  The channe l  can have a r b i t r a r y  c r o s s  
s e c t i o n a l  shape  and a l ignment  w i t h  f i x e d  o r  e r o d i b l e  and impervious  o r  p e r v i o u s  bed. 
The f l u i d  can b e  homogeneous o r  nonhomogeneous, compress ib le  o r  incompress ib le ,  and 
v i s c o u s  o r  i n v i s c i d .  The flow can b e  t u r b u l e n t  o r  l aminar ,  r o t a t i o n a l  o r  i r r o t a t i o n a l ,  
s t e a d y  o r  uns teady ,  uniform o r  nonuniform, s u p e r c r i t i c a l  o r  s u b c r i t i c a l ,  g r a d u a l l y  
o r  r a p i d l y  v a r i e d ,  and w i t h  o r  w i t h o u t  l a t e r a l  d i s c h a r g e .  Based on t h e s e  e q u a t i o n s ,  
t h e  assumptions invo lved  i n  conven t iona l ly  used open-channel f low e q u a t i o n s  such a s  
backwater f low e q u a t i o n  and S t .  Venant e q u a t i o n s  a r e  examined. The i n h e r e n t  
d i f f e r e n c e s  between t h e  f low e q u a t i o n s  d e r i v e d  based  on t h e  momentum and energy 
concepts  a r e  compared. The d i f f e r e n c e s  among t h e  f r i c t i o n  s l o p e ,  t h e  d i s s i p a t e d  
energy g r a d i e n t ,  and o t h e r  f low g r a d i e n t s  a r e  a l s o  d i scussed .  
KEYWORDS: energy e q u a t i o n ;  f low r e s i s t a n c e ;  f l u i d  mechanics;  homogeneous f l u i d ;  
h y d r a u l i c s ;  momentum e q u a t i o n ;  nonhomogeneous f l u i d ;  nonuniform f low;  open-channel 
f low;  s p a t i a l l y  v a r i e d  f low;  s t e a d y  f low;  unsteady f low;  w a t e r  f low. 
REFERENCE: Yen, Ben Chie,  "Open-Channel Flow Equat ions  R e v i s i t e d , "  J o u r n a l  of t h e  
Engineer ing Mechanics D i v i s i o n ,  ASCE, Vol. 99,  No. EM5, 1973. 
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